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1CHAPTER 1 
INTRODUCTION
The seism ic network of southeast A ustra lia  is a good exam ple of 
the " local1' o r regional networks which now operate in sev e ra l p a rts  of the w orld. 
Such netw orks consist of a num ber of seism ic detecto rs in an a rea  sev era l 
hundred k ilom etres ac ro ss , but arranged  in no definite geom etrical pattern ; 
one agency is  usually responsible for operating the network, and the se ism ic  
data is  collected  at a cen tra l laboratory  for in te rp re ta tion . C h arac te ris tica lly , 
the netw ork has been insta lled  to study local se ism ic  activity, and has then been 
found useful fo r o ther seism ic  studies.
The intent of this th esis  is  to examine the c h a rac te ris tic s  and the 
uses of the local seism ic  network.
*  *  *
As soon as effective seism ographs began to be operated , it  becam e 
c lea r tha t the collection and com parison of reco rd s  from  instrum ents a t d ifferent 
p laces would lead to  im portant advances in the understanding of earthquakes and 
earth  s tru c tu re , and seism ic  stations began to be insta lled  a ll over the world. 
Im m ediately, the collection of data from  these individual o b servato ries  becam e 
necessa ry , and seism ology becam e one of the m ost in ternational branches of 
science. I t was only when th is  network of com m unication began to work effectively 
that the c lass ic  studies of seism ology, for example the construction  of tra v e l 
tim e tab les and the delineation of world seism icity , could proceed.
Both the w idespread siting of de tec to rs, and the com m unication 
channels to collect the data for cen tral analysis, a re  essen tia l components of a 
seism ic  network.
From  this point of view, the local network d iffers in size  but not 
in logical s tru c tu re  from  the in ternational network. Indeed, if the la tte r  is 
thought of as the na tu ra l lim it reached in expanding a network, then upon contraction 
to sm all size , a local netw ork becom es som ething very like a se ism ic  a rray .
2But the e ssen tia ls  of detection and communication a re  common to  all th ree .
V ery d ifferent methods of data tran sm iss io n  and analysis a re  
appropria te  to  the very  large and very  sm all sy stem s. For exam ple, the location 
of seism ic  events, and the construction of world average trav e l tim e tab les a re  
b est done from  readings co llected  by a large num ber of stations, and th is  is why 
bulletins of se ism ic  readings a re  interchanged, and why serv ices  like the In te r ­
national Seism ological Centre a t Edinburgh have com e into existence. On the 
o ther hand, a r ra y  seism ology is  distinguished by e laborate  te lem etry  to  a cen tra l 
re co rd e r , e lec tron ic  analysis, and attention to p a rtic u la r  de tails  of earth  s tru c tu re . 
The p resen t w ork dem onstrates how both so rts  of techniques can be used  with a 
local network, and points out the advantages and disadvantages of th ese  adaptations.
It is  obvious that the use and p ro p e rtie s  of the network cannot be 
studied ap art from  the s tru c tu re  of the earth  upon which the network is  deployed, 
and in th is  th esis  considerable space is devoted to  determ ining earth  s tru c tu re . 
T here  a re  two ways of considering the relation  between earth  s tru c tu re  and the 
network. On the one hand, one may regard  knowledge of the s tru c tu re  and the 
network as links in the chain of inference leading to a valid conclusion about 
some o ther aspect of the seism ological problem . The ch a rac te ris tic s  of the 
network a re  then  instrum enta l de tails, and the determ ination  of the s tru c tu re  
under the netw ork is  the determ ination of a troub lesom e instrum enta l co rrection . 
For example, th is  is the viewpoint of Chapter 4 dealing with focal m echanism s.
On the other hand, one may wish to study the s tru c tu re  under the netw ork for 
its  own sake, and then  the network may be regarded  as a tool to  th is end, as is 
covered in Chapter 5.
C onsideration of the re la tion  between s tru c tu re  and network leads 
to a fu rther d istinction betw een international, local, and a rra y  netw orks. In 
the fo rm er, local s tru c tu re  is  assum ed to be of little  influence; in fact com bin­
ation of readings from  many stations introduces station  differences as noise 
which is assum ed to  have som e manageable p ro p e rtie s  like zero  m ean and random  
distribution. In the la tte r, the a rra y  is thought to  cover so sm all an a re a  that 
the s tru c tu re  is  the sam e under a ll de tec to rs, o r a t leas t v a ries  ra th e r smoothly.
3It is  typ ical of local networks that the s tru c tu re  can neither be ignored, nor 
assum ed constant, but m ust be considered as p a r t of the data system .
The notions introduced in th is account a re  brought together in the 
following lis t, which displays the relationships of various s izes  of netw orks:
Type of in s ta ll­
ation
Spacing of A perture 
detec to rs
C h arac te ris tic  fea tu res and 
uses
In ternational
network
100 wavelengths world
wide
Irre g u la r  d istribution  of stations, 
local s tru c tu re  ’’random "; data 
repo rted  by bulletin, etc. ; well 
adapted to study seism icity , 
tra v e l tim es of the whole world
Local netw ork ’’ hundreds 
of km.
Ir re g u la r  d istribution  of stations, 
local s tru c tu re  im portant; data 
in te rp re ted  centrally ; local 
tra v e l tim es, apparent velocity, 
local s tru c tu re  and se ism icity  
can ai 1 be observed.
Seism ic a r ra y  < 1
Exact geom etry, local s tru c tu re  
"constant” ; data te lem etred ; 
te n s  of apparent velocity and azim uth 
km. can be observed d irectly , detailed
studies of a few regions possible.
Scope of the th esis
From  the viewpoint se t out above, a num ber of studies have been 
conducted to  dem onstrate  the p ro p ertie s  and uses of the network taking the 
southeast A u stra lian  insta lla tion  as an example. The studies a re  of th ree  types: 
(1) descrip tive, (2) s tru c tu ra l, and (3) functional.
The chap ters which a re  principally  descrip tive  a re  :
(1) Chapter 2. Instrum ent details. The locations and h is to rie s  of the
stations com prising the southeast A ustralian  network, the instrum ents 
insta lled , and th e ir  calib ration  curves, a re  collected in one chapter 
for re fe ren ce  throughout th e  subsequent discussion.
1C hapter 3. The geom etry of the network. Flinn (1965) introduced for 
te le se ism ic  events a p a ram ete r charac te riz ing  the geom etry of the 
p rocedure  of locating a te lese ism ic  event. This is a valuable concept 
fo r application to a local network, w here location of earthquakes in the 
v icinity  is a p rim ary  task . The theory  of the geom etrical p a ra m e te rs  
fo r local networks is developed, and applied to a d iscussion  of the 
perform ance of the network in southeast A ustra lia .
(2) S tructu ra l studies form  the bulk of the following chap ters:
C hapter 5. Seism ic velocities from  explosions off the cen tra l coast of 
N. S. W, Using the network as a tool, a refined vers io n  of the s tru c tu re  
of the e a r th ’s c ru s t under southeast A u stra lia  was deduced by the w rite r  
from  the re su lts  of an experim ent d irec ted  by his su perv iso r, Mr. H. A. 
Doyle.
C hapter 6. Experim ent BUMP . This w as a co-operative experim ent, 
in which the w rite r  took an active p a rt in organization, field work and 
data collection. The analysis which the w rite r  has undertaken using 
BUMP data extends the previous s tru c tu ra l studies of Chapter 5 to  the 
south into easte rn  V ictoria.
C hapter 7. Experim ent WRAMP . C alibration of the seism ic  a rra y  at 
Tennant Creek, in  the sense of obtaining reco rd s  of known tim ed explosions, 
was achieved. An attem pt was made to deduce a c ru s ta l s tru c tu re  fo r a 
p a r t of northern  A u stra lia  in the experim ent, but only a p re lim inary  
re su lt  was obtained. However, the shallow s tru c tu re  im m ediately under 
the a r ra y  was determ ined.
(3) In the rem aining chap ters , the em phasis is  on uses of the network as a 
seism ological tool:
Chapter 4. Focal m echanism s. The d irec tion  of f ir s t  motion, at n e t­
w ork stations, w as studied for a num ber of the la rg e r  local earthquakes. 
The theory  is developed, re su lts  p resen ted  and d iscussed , and a 
syn thesis  of a ll available southeast A ustra lian  data p resen ted . The
5chap ter is in terpo lated  between descrip tive  and s tru c tu ra l studies 
because i t  is  in the focal m echanism  work that the effects of s tru c tu re  
on the perfo rm ance of the network a re  m ost obvious.
C hapter 8, T im e residuals  from  te le se ism s. A pparent velocities 
have trad itio n a lly  been obtained by differentiating the tra v e l tim e 
curve obtained from  w idespread stations; m ore recen tly  the seism ic 
a rra y  method has been used to m easure  apparent velocity m ore d irectly . 
It is  shown th a t som e advantage lies with the network for th is  purpose, 
owing to its  la rg e r  size . Some in ferences about s tru c tu re  beneath the 
network a re  a lso  drawn.
C hapters 9 and 10. V ictorian seism icity  and the Mount Hotham e a r th ­
quake. The sou theast A ustra lian  network, extended into V ictoria, 
was used to  study one earthquake in detail, and o ther V ictorian e a r th ­
quakes w ere located  and a re  listed .
A sum m ary  and conclusions draw n from  the work com prise
Chapter 11. In appendices, tabulations of the com puter p rogram s used in the 
work and lis ts , too la rg e  fo r inclusion in the text, of V ictorian  earthquakes 
a re  p resented .
6Fig. 2 - 1 .  The seism ic stations in Southeast A ustralia.
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7CHAPTER 2.
INSTRUMENT DETAILS 
Introduction
The intention of this chapter is to  collect a ll the details  of the 
sou theast A ustralian  seism ic  network which w ill be req u ired  in the subsequent 
d iscussion. Fig. 2-1 is  a map of these stations, de tails  of which a re  lis ted  in 
Table 2-1. W here no galvanom eter period is quoted a H elicorder is  being used.
Installation
The Sydney W ater Board operates the four stations HLA, JNL,
WER and AVO, and the reco rd s  a re  passed  to  the A. N. U. for in terpre ta tion .
Each station  has a 1 second Benioff v e rtica l se ism o m ete r driving a 1 /4  second 
galvanom eter record ing  on film, which upon pro jection  for scaling gives 120 
m illim etres  p e r m inute tra c e  speed. W erombi a lso  has Benioff horizontal 
se ism om eters . Timing is  by IBM pendulum clock, and a p rogram  clock driven 
from  th is sw itches rad io  tim e signals sev era l tim es p e r day and codes the tra c e  
with hour and five minute m arks.
These stations w ere running before the p re sen t w rite r  began this 
thesis . His contribution to  th e ir  operation has been to ca lib ra te  them , and check 
that the d irections of motion w ere co rrec tly  known.
The Snowy Mountains Authority operates CAB, WER, GHI and 
JIN and the reco rd s  a re  in te rp re ted  at Canberra. Until 1966 all stations had 
Benioff se ism om eters  and 1 /4  second galvanom eters record ing  on film, but 
C abram urra  had a te lem etry  link between seism om eter and reco rd er. IBM clocks 
and sim plex p ro g ram m ers , with rad io  tim e signals sev e ra l tim es p e r day, w ere 
used for tim ing. Three of these  stations w ere ca lib ra ted  by the w rite r. Latterly , 
Wambrook Z and N, and C abram urra  Z have been te lem ete red  to  Cooma, and 
recorded  th e re  on film, with tim e control from  an IBM clock, and this mode of 
operation has not been calibrated .
Station Code Compo­
nents
TABLE 2-]
T To g
L
T C>Long E
T , c> 
L at S htkm
8
D ates
A. A. N. U. S tations
H alls Lagoon HLA Z 1 0.25 150.91629 33.52264 0. 03 1959 -
Jeno lan JN L Z 1 0.25 150.02187 33.82571 0. 83 1959-
W erom bi WER Z, N, E 1 0 .25 150.58027 33.95029 0 .23 1959-
W yangala WYA Z 1 0 .25 148.95833 33. 95833 0. 53 1960-1966
Mt. B ingar MBA Z 1 0.25 146.23722 34.12500 0 .20 1961-1962
M onteagle MEA Z 1 0.2 148 22’ 34 16* 1 /2 1966-
Avon A VO Z 1 0.25 150.61500 34.37639 0. 53 1958-
Dalton DLN Z 1 - 149.18171 34.72280 0 .55 1961-
Inveralochy INV Z 1 0 .2 149.66700 34.96500 0. 64 1959-
C an b erra CAN Z N E 1 0 .25
Z ’ N ’E ’ 1 14 148.99860 35. 32084 0.70 1958-
Z^ N^E^ 30 100
C a b ra m u rra CAB Z 1 0.25 148.44307 35.92667 1. 61 1959-
W am brook WAM Z ,N , E 1 0. 5 148.88333 36,19277 1.29 195i7-
Geehi GHI Z 1 0.25 148.18251 36.41972 0 .48 1958-
Jindabyne JIN Z 1 0.25 148.59278 36.44249 0. 96 1958-
Bogong BOV Z 1 0 .5 147.22750 36.80777 0.27 1963-
Buchan BUV Z 1 0.25 148.16833 37.49833 0 .10 1964-
Mt. T a ss ie MTV Z 1 146. 56667 38.40167 0. 74 1964 -
B. O ther S tations
R iverview RIV Z, N, E 1 0.75i 151. 15833 33.82944 0.02 1909-
Toolangi TOO Z, N, E 1 0.25i 145.49050 37.57130 0. 60 1962-
M elbourne M EL Z 1 144.97333 37.83139 0. 03 1965-
Note: C o -o rd in a tes  of MEA a r e  approx im ate .
FILTER
CONTROL BOX
TIME
MARKER
DRUM
MOTOR
LAMP
INTERMITTENT
LOCAL
SUPPLY
50 CPS
OSCILLATOR CURRENT
CLOCK REGULATORAMPLIFIER
24 V DC
240V DC MOTOR
32V GENERAT<
BURIED CABLE
STANDBY
MOTOR GENERATOR
Fig. 2 2. Block diagram of the Buchan seismic installation.
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The A ustralian  National U niversity operates CAN as a cen tra l
observatory , outstations MEA, DLN, INV in Southern N. S. W ., and BOV, BUV
and MTV in V ictoria. WYA and MBA have been closed down. Before discussing
calib rations it w ill be convenient to sum m arise  the instrum ents a t each station,
a
(Table 2 -  2). At Buchan, the power supply is fro m A240 volt d irec t cu rren t 
genera to r run in term itten tly  to provide a local supply, and the se ism ic  system  
is  connected to  th is  as shown in Fig. 2-2.
Calibrations
A W illm ore bridge was used to ca lib ra te  m ost of the seism ographs, 
and the re su lts  a re  displayed in Fig. 2-3 a, b, and c. The re fe ren ce  num bers on 
the curves re fe r  to  Table 2 - 3 ,  w here sum m ary details a re  listed . It should be 
noted tha t some stations have been a lte red  since the calibrations w ere made.
In Fig. 2-3 , trian g les  have been in serted  to  show the free  period 
of seism om eter and galvanom eter in each case. The curves d iffer in  shape because 
the se ism om eter periods have drifted  ra th e r far from  the nom inal values, and also  
because a varie ty  of instrum ents a re  in use at the different stations.
In the graphs, the usual oblique axis convention is used. Velocity 
sensitiv ity  is  scaled  from  the horizontal ab sc issa , displacem ent sensitiv ity  from  
the axes sloping upward to the right, and acceleration  sensitiv ity  from  the axes 
sloping down to the right.
The velocity m agnification of the W ood-Anderson seism ograph in 
standard  adjustm ent reaches about 220 sec  ^ at about 1 second. Discounting the 
ra th e r varied  shapes of the response curves, a ra tio  can be calculated  between 
the Wood Anderson and each of the station instrum ents, so tha t division of a tra ce  
amplitude of a seism ic signature  of a local earthquake by th is ra tio  gives an 
approxim ation to the Wood Anderson tra c e  amplitude. This is the b asis  upon 
which m agnitudes have been calculated in Chapter 9.
Field Instrum ents
For experim ent BUMP (Chapter 6) additional field stations w ere 
needed. The only instrum ents available w ere portable photographic re c o rd e rs
1 2
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Fig. 2 -  3a. Sensitiv ity  of se ism ic instrum ents. The curves are numbered 
to correspond w ith  Table 2 - 3 .
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Fig. 2 -  3b. Sensitiv ity  of se ism ic instrum ents. The curves are numbered 
to correspond w ith  Table 2 - 3 .
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Fig. 2 -  3 c. Sensitiv ity  of se ism ic instrum ents. The curves are  numbered 
to correspond w ith  Table 2 - 3 .
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1 6
designed originally for rock burst investigations in South Africa, copied in the 
A. N. U. workshop, and not used since 1958. These were rebuilt to use Willmore 
Mark I, and later Mark II seismometers direct coupled to Tinsley 1/4 second 
galvanometers (nominal sensitivity at the recording plane of about 1 cm per 
microamp). The original pencil galvanometer block was retained for time 
marking. No amplifiers were used with this system, the response (19 in Fig.
2-3a) being slightly better than most of the observatory instruments. Two of 
these sets were also used in operation WRAMP, but the excellent performance 
of a prototype tape-recorder seismograph first used in that experiment indicates 
that the photo recorders are now obsolescent.
The details of these instruments are included for reference in 
Tables 2-2 and 3, and a sketch of the layout of a complete field setup is provided 
in Fig. 2-4.
The Warramunga Array
Although not part of the network, the Warramunga array is referred 
to in Chapters 7 and 8 and 10, and its details are summarized here for reference.
The Warramunga array consists of 20 Willmore MK II seismometers, 
each mounted in a special pit, cable telemetered to a central recording van, and 
there recorded on 24 channel frequency modulated magnetic tapes along with time 
and correction channels. The seismometers are set about 2 km apart in the form 
of a cross, with aperture about 20 km. The Blue line is laid out on bearing 013° 
True, and the Red line bearing 094°T. The crossover point is at 134°21,03"E, 
19°56f52,,S geographic. A map of WRA is given as Fig. 7-11A, while the pit 
co-ordinates are listed in Table 7-4. Whiteway (1966) discusses array install­
ation, Birtill and Whiteway (1965) give a full account of the theory of signal 
enhancement, and details of WRA are also available (United Kingdom Atomic 
Energy Authority, 1967).
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CHAPTER 3.
THE GEOMETRY OF THE NETWORK 
Introduction
A task for which a local network is best suited, and the main 
task for which the southeast Australian network was installed, is to monitor 
local earthquake activity. To locate these shocks accurately, it is necessary to 
have accurate readings from an advantageous distribution of stations; and to 
use these readings, a realistic model of the velocity structure, and convenient 
calculating aids, must be developed. The distribution of stations, and the effect 
this has on the accuracy of locations, is the subject of this chapter.
Theory
If an event occurs at (rectangular) co-ordinates X east, Y north, 
and Z deep, at time T, and is observed at the ith station, co-ordinates x^ , y , 
z.., at time t^, one may write
(x. - X)2 + (y. - Y )2 + (z. - Z )2 -  V.2 (t. -  T)2 (3-1)
where V\ is V (A), a previously determined velocity function. The t^  are subject 
to error of observation and the X, Y, Z, T are unknowns to be estimated. The 
best estimates may be obtained by imposing the condition that the sum of the 
squares of residuals should be a minimum, if there are more than five obser­
vations. Following Flinn (1960), (3-1) may be linearized, improved estimates 
of the unknowns obtained, and the error statistics obtained, by writing
5 x ss X - X etc. (3-2)
where X  ^ is an approximation to X. Substituting in (3-1), expanding, ignoring 
higher terms, and re-arranging
(x. - X ) 6 x + (y. - Y ) 6 y + (z. - Z ) 6 z - V 2 (t. - T ) 6 t v 1 o '  V 1 O ' x 1 o '  1 ' 1 o '
i o i v i o'-  i _  ( t*, -  X )2 + (y -  Y )2 + (z. - Z n )2 -  -  T J 2 )2
= R.2 
1
(3-3)
1 9
There are N such linearized condition equations- In matrix notation :
A 6 * R (3-3A).
Cleary (1963) has shown how observations of can be incor­
porated into this scheme if a model of the crustal structure is assumed. 
Weighting, estimated statistically (Bolt, 1960) or by the judgement of the 
observer, may be applied.,
The solution proceeds by solving (3-3) for the 5’s, substituting 
them in (3-2), and iterating until the change in | 6 | is sufficiently small. Error 
statistics are then derived.
The normal equations are first formed by premultiplying both 
sides by the transpose of A
A’ A 6 a A* R (3-4)
It is convenient, at this point to write out the matrix A’ A explicitly, for later 
reference "“i
where the subscript i has been suppressed, and the summations are over i to
N. An element of the determinant of this matrix will be referred to as a.. ,
ij
and the value of the determinant as det (a), or DET 4 in the computer program.
A formal solution of (3-4) is (Massey and Kestelman, 1964,
p, 993 )
5 = [ A’ A ] _1 A1 R (3-6)
If G is an element of [ A*A ] , the variances of the unknowns X, Y, T
and Z are estimated by
SK2 -  S2 Gkk K - l .......... 4
(3-7)
2where S , the solution variance estimate, is a scalar which depends upon the 
errors of reading the seismic arrival times and the perfection of the assumed 
model: N
S'" = _ i ____ L ( 3 - 8)
N -K
This is the method used at the A. N. U. for routine location of 
earthquakes in the vicinity of the network. The program has been listed by 
Cleary (1983).
From the definition of the inverse of a matrix ,
cofactor of a
gkk --------------- ----
det (a)
(3-9)
which may, by reference to (3-5), be seen to depend on the network geometry
only, and not on the errors of measurement. That is to say, if two events
2occurred in the same place, they would have the same But their S values
might be quite different if for example a clock correction was in error at a 
station for one event.
The parameter D in the work of Flinn (Flinn, 1935), which 
formed the starting point of the present work, is the teleseismic analogue of 
det (a). However it differs in that the depth of focus was considered to be zero, 
so the determinant was of third order, numerically equivalent to cofactor (a^); 
in that azimuth and distance instead of x and y appeared in the equations; and 
in that attention was focussed on estimating the confidence limits of the area 
within which the event was expected to lie.
For the network, the behaviour of the denominator of (3-9) was 
examined by evaluating and plotting contour charts, and sections. Both the
21
general case  det (a), and the degenerate case  det (a)^zsso  ^ ü  cofactor ( a ^ )
w ere examined» For the im portant a re a  n ea r Dalton-Gimning w here se ism icity
studies a re  of in te re s t (C leary, 1967a) an investigation  of G was also ca rried
KK
out.
As the range of values which det (a) can take is  from  0 to  infinity, 
norm alization  is of advantage, and th ree methods w ere tr ie d  :
1. Euclidian norm alization
The maximum value can be reduced to  unity by dividing each 
elem ent by the sum  of the squares of the row elem ents. If n is an elem ent of 
the norm alized  determ inant,
n.. = a ij (3-10)
ij ----------------------
K 2
2  a.,
i V
then det (n) <  1
This is of course, reducing the "length" of the K -dim ensional 
vector to unity. In the 3rd o rd er case  the evaluation of the determ inant is 
equivalent to taking the vector tr ip le  product of the row -vec to rs , which m ust 
have an upper bound of one if the vectors a re  unit length. For the determ inant of
general o rd er, H adam ard’s inequality may be invoked :
2 K K 2
I det (a) I <  n  ( 2  I a | ) (3-11)
j= l i= l J
det (n) = d0t <a)
~K K 2 
II ( 2  a )
j= l  i= l lJ
(3-12)
However, it can easily  be shown tha t th is  procedure introduces 
undesirab le d is to rtions into the pa tte rn  of the contours of the p a ram eter. W riting
K
2
i=l
2 2 2x x z r „ •, f4 - _____ = { 1 } for
2 2 shortness
A A
(3-13)
2?
w here the sum m ations, and w , and V have been suppressed , we note tha t x 
is a factor of { 1} . With a s im ila r notation fo r the other rows
The denom inator of (3-12) {1} • {2} • {3} • {4}
8 x
(denom) 8{1} {2} {3} {4} + {1} ^  {3} {4} (3-14)
8 x 8 x
+ { 1} {2} {4} + { 1} {2} {3}
8 x
= 0 a t a stationary  point.
2 2 2 2 
Recalling that a " = x + y + z“'
3 ( 1 )  = 9 f 4 2 2 2x x y x 2 :x  y  + J
8 x 8 x \ 4 4 2‘ A A A
2'
A
. 3 4 x „ 5  24 x 2 x y+ -
. 3 24 x y
4
A
6 4
A A
6
A
8 x
+
2 4
A A
(3-15)
which has x as a factor. F urther, x is  a facto r of the second, th ird , and fourth 
te rm s  of (3-14), by v irtue of { 1} having x as a factor.
and, by sym m etry,
x =s 0
y « 0
is a solution of (3-14) 
is another.
w x
T herefore  the denom inator of (3-12) has a s ta tionary  value at Z  ___  « 0,
VA
which occurs n ear the cen tra l m erid ian  of the network, and dot (n) has in fact 
a maximum little  re la ted  to  the unnorm alized value det (a)
2, Logarithm ic Reduction
To reduce the concentration of contours at m axim a, a non uniform  
in terval was introduced by contouring lo g ^  (det (a)). However, as th is  function 
has no upper bound, and as it  is  difficult to  deal with the negative values which
23
som etim es appear, the next method is  p re fe rre d .
3. Exponential reduction
If DETE = 1 -  exp ( -  a det (a)) th e re  is  little  change in 
sm all values, but an upper bound of one is  p ro g ressiv e ly  approached. The 
value of a  has been chosen as 1000 for the graphs. This is  the b e st method of 
the th ree .
Evaluation of the netw ork distribution  p a ram ete rs
The model of the c ru s t and m antle adopted fo r num erical work 
is  a single flat layer of th ickness 37 km and P velocity 6. 03 k m /sec , over a 
m antle of velocity 8.16 k m /sec  (Doyle, Everingham  and Hogan, 1959; C leary  
and Doyle, 1962).
A com puter p rog ram  has been w ritten  to evaluate the determ inants 
a ris in g  in the theory. Input data consists of :
(1) The co-ord inates of the network stations considered, punched one p e r
card  so that, by sim ply rem oving o r modifying single card s, 
variations in the netw ork can be sim ulated.
(2) A card  specifying the origin for the T ran sv e rse  M ercator g rid  used in the
p rog ram , and the velocities of P and P^ .
(3) As many cards as requ ired , specifying the points a t which D is  to be
evaluated. The latitude and longitude of the northw est co m er of the 
rec tang le  to be exam ined, the increm ents of latitude and longitude, the 
sou theastern  co m er points, and the depth a re  req u ired , punched one 
card  for each depth level.
Calculation p roceeds by taking the northw est c o m er point a t the 
f i r s t  depth, and calculating the northing, easting, d istance, and height d ifference 
to each of the network stations by a T ran sv e rse  M ercator g rid  method. This is  
the sam e method used in the routine earthquake location p rog ram  (C leary, 1963, 
p. 47), so tha t D values a re  d irec tly  com parable with re su lts  of routine locations.
Elem ents of the determ inant a re  then form ed by sum m ation 
according to  eqn (3-5). If the d istance is  le ss  than the "c ro sso v e r" distance, 
so that P is  the f i r s t  a rriv a l, the velocity 6. 03 k m /s e c  is  used, otherw ise 
8. 16 k m /s e c . No provision is made for the possib ility  of both P and P^ being 
read, nor for S readings, but the weight which an o b serv er may judge a p a r tic ­
u la r reading to  have can be entered on the station  cards. In all the subsequent 
num erical work weights of unity have been used. F urtherm ore , the contributions 
of a ll the s tations in the netw ork a re  sum m ed, despite  the obvious fact tha t in 
m ost ord inary  earthquakes, phases a re  too weak at d istan t stations to be read.
W ork flow is to  reduce the 4th o rder determ inants by one o rder 
by pivotal condensation around elem ent (3, 3), which is always the num erically  
la rg e s t elem ent. In this way the leas t loss of significant figures is incurred .
Each th ird  o rd e r determ inan t is evaluated by the appropria te  expansion.
The notation used in the p rog ram  has been re ta ined  in the d iagram s 
and in  the following exposition. It is :
DET4 the value of the  fourth o rd e r determ inant given by equation (3-5)
DET4N Euclidean norm alization of this
DET4L logarithm ic norm alization
DET4E exponential norm alization
DET 3 = DET3Z the cofactor of a, in equation (3-5), i. e. the network 
equivalent to  Flim ds coefficient D.
DET3N, DET3L, DET3E norm alizations of th is
DET3X, DET3Y, DET3T the cofactors of the f ir s t , second and th ird 
diagonal elem ents of eqn (3-5)
DET3XN, DET3XL, DET3XE, etc, norm alizations of these
GX, GY, GT, GZ the diagonal elem ents of the inverse  m atrix  G, given by
eqn (3-9), i. e. the geom etrical components of the variance
DET3Xestim ates for X, Y, T and Z, respectively . GX * _______ etc.
DET4
Aft e r  these  values have been calculated the p rogram  adds an in ­
crem ent of longitude to the coordinates of the te s t  point, and re-com m ences.
2 3
Fig. 3-1. Contours of DET3 for surface focus.
H g. 3 - 2  V ariation of p a ram ete rs  with depth under the Snowy Mountains. The sca le  
on the ab sc issa  should be m ultiplied by 10“^ for D4N and by 10“® fo r D4.
t T T f ; . : :  n  j .i
I f
Variation of parameters with depth under the Dalton-Gunning area. The 
scale on the abscissa  should be multiplied by 1 0 ^  for D4N and by 1GT5 
for D4.
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The way in which DET3 behaves with depth can be seen from 
Fig. 3-2 and Fig. 3-3 which are "soundings" beneath the two principle maxima. 
The abrupt jogs are a consequence of the assumption that the reading at a station 
is always the first arrival. For as depth increases, the first arrival at a 
station, near the crossover distance may change from to P . The velocity 
used in calculation then changes abruptly from 6. 03 to 8.16 km/sec, with a 
consequent change in the determinant value. There is therefore no significance 
in the sharpness of the jogs, but only in the general trend of the curve.
However, there is little point in discussing the behaviour of 
DET3 at depths other than zero, for the only events for which depth is known 
independently of seismic observations will be on or close to the surface. For 
events of unknown depth, DET4 is the relevant parameter. It suffices to examine 
the sections, Fig. 3-4 and Fig. 3-5, and remark that neither the positions nor 
the magnitudes of maxima of the pattern of DET3 contours are very much 
altered as different depths are considered.
2. DET3N
The purpose of normalization is to reduce the range of values 
which the parameter can take to between zero and unity. The contour map,
Fig, 3-6, shows the expected reduction in values, in that the line DET3N «
0. 500 encloses less than half the area of DET3 « 0. 500. However, the shape 
of the contours, the positions and relationships of the maxima and especially 
the shapes of the contours of the low values to the south and east, have been 
altered rather markedly by normalization. To investigate this effect, sections 
at 37. 0° S and at 147. 5°E, zero depth, were taken. (Fig. 3-7). It can be seen 
that the value of the normalizing multiplier (1/Denominator of eqn (3-12)) 
dominates the shape of the normalized parameter, and that the multiplier reaches 
a maximum when either 2 x or 2 y reaches a minimum.
An ideal normalization procedure would conserve shape in plan, 
reduce the amplitude of maxima, but leave low values little altered. This the 
Euclidean procedure does not do. A simple exponential contour interval has 
most of the properties required, as wiH be seen later, and is a preferable
30
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procedure. However, in the southeast A ustra lian  network, DET3 is  sufficiently 
w ell behaved for norm alization to be unnecessary .
3. DET4
When the depth  of focus is  a lso  to  be estim ated, the determ inant
is  of 4th o rder. As is  in the range 0-37 km  for shocks within the c ru s t, while
x, y and A may range up to  500 or 600 km, elem ents in  Zz a re  generally  sm alle r
than o ther elem ents, and the values of DET4 a re  th e re fo re  m ostly much sm alle r
than those of DET3. F urtherm ore , the contour d iagram s (Figs. 3-8, 3-9) show
that DET4 is  sharply  peaked n ear each station  of the cen tra l p a rt of the network.
It is  only when A  , x. , y a re  of the sam e o rd e r of magnitude as z^ tha t the
2elem ents, which depend on the sums of ra tio s  like z /A o r  x z /A  , a re  much 
enhanced, and DET4 becom es large. This is obvious physically: "good depth 
control req u ire s  stations close to the ep icen tre" is a tru ism  of seism ology. What 
is not so  often recognised is  tha t the p rec ision  of determ ination may vary  quite 
sev ere ly  with sm all changes in station siting. Or, what is  m ore to the point, 
the p rec isio n  may vary  quite severely  with sm all horizontal sh if ts  in focus, 
especially  if the focus is  deep. This is  illu s tra ted  in  the section draw n as 
F igure 3-10, which shows DET4 on latitude 36 .42° S with depth as p a ram ete r. 
Two earthquake foci , A and B, separated  by only 5 km, have DET4 values of 
2. 23 and 0.15 respective ly  a t the base  of the c ru st, a change in the ra tio  15; 1. 
If A was located within -  1 km  B could only be located within -  3, 8 km, o ther 
things being equal.
A fu rth er inference from  a study of DET4 is  that contro l in c rease s  
with depth. But th is  is m ore pronounced close to  a station  than even a few tens 
of k ilom etres away. F o r exam ple, the ra tio  of DET4 at 37 km focal depth 
to  DET4 at the su rface  is  about 7, 000 at A , but only 2, 300 at C 36 km 
away.
4. DET4N
To b ring  the values into a m anageable range, norm alization is 
ra th e r  n ecessa ry  for DET4. The Euclidean norm alization  m ultip lier now
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Fig. 3 - 1 1 .  The effect of exponential norm alization. A section a c ro ss  the maximum at 
36 S at zero  depth.
DE
T3
Z,
4 0
o
9•rH
'S
r-Hu
X<D
rO
0»
^■H
90)
ts
g
bCÖ
•p -lT3
OÖ
• iH
u0
£
0Ö
rt
6
• rH
£
cö
CD
ä
Ö
1
5I
eo
-t->
Q
CD
6
c•f-t
0O
£u3
CG
0
■5
N00
H
W
Q
03
I
CO
JoS-8^1
W
ya
ng
al
a.
 
C
om
pa
re
 F
ig
. 
3-
18
.
4 1
3^-eri
Fi
g.
 3
-1
3.
 
GX
, 
th
e 
ge
om
et
ric
 f
ac
to
r 
in
 th
e 
va
ria
nc
e 
of
 X
, 
in
 th
e 
D
al
to
n-
G
un
ni
ng
 a
re
a.
G
Y
42
Fi
g.
 
3-
14
. 
G
Y
, 
th
e 
ge
om
et
ri
ca
l 
fa
ct
or
 i
n 
th
e 
va
ri
an
ce
 o
f 
Y
, 
in
 t
he
 D
al
to
n-
G
un
ni
ng
 a
re
a.
4 3
Fi
g.
 
3-
15
. 
G
T
, 
th
e 
ge
om
et
ri
c 
fa
ct
or
 i
n 
th
e 
va
ri
an
ce
 o
f 
T
, 
in
 t
he
 D
al
to
n-
G
un
ni
ng
 a
re
a.
z o
4 4
0 0 0 'Cl,
Fi
g.
 3
-1
6.
 
G
Z,
 t
he
 g
eo
m
et
ri
ca
l 
fa
ct
or
 in
 th
e 
va
ri
an
ce
 o
f 
Z,
 i
n 
th
e 
D
al
to
n-
G
un
ni
ng
 a
re
a.
45
contains a term in z which increases faster than DET4 with increasing z, 
beneath maxima, but less rapidly under minima and saddle points. The effect 
is to distort the contour patterns at deeper levels. It is in this situation that 
logarithmic or exponential transformation is to be preferred. Fig. 3-11 shows 
DET4 and DET4E on the same scale; this should be compared with Fig, 3-9 
contoured on the unnormalized values of DET4.
The Gunning - Dalton area
It is essential when drawing conclusions from the distribution 
of earthquakes to have a grasp of the errors likely in the locations, and to this 
end the distribution parameters for the interesting Gunning-Dalton region 
(Cleary, 1967a) were examined in some detail.
For events known to be on the surface, DET3Z is the relevant 
parameter. Fig. 3-12 shows the pattern contoured at 0. 01 interval from a 
grid of points at 0. 05° spacing. The stations DLN and INV are marked. The 
chart may be compared with the seismicity plan published by Cleary (1967a).
The main features shown by the contours are the elongated 
maximum between Dalton and Inveralochy, and the steep gradients near each of 
the stations.
It is apparent that events southeast of Dalton are better located 
than points northeast.
For earthquakes, where depth is to be estimated, the 4 para­
meters GX, GY, GT, and GZ, showing the geometrical components of the 
variance estimates for X, Y, T and Z, could be shown for all depths over the 
area of interest. If depth increments of 5 km were judged adequate, this would 
be a book of about 30 contour diagrams, far too many for easy comprehension. 
Instead, each coefficient has been contoured at the surface (Figures 3-13, 14,
15, and 16) and the behaviour with depth is summarized in Fig. 3-17.
In contrast with the irregular behaviour of DET3Z, the component 
variances are smoothly varying. GX shows a broad minimum between Dalton 
and Inveralochy, with a central value of 8. 07. That is, if the sum of squares 
of residuals, divided by the number of degrees of freedom is 1, then at the
4 8
\
GX \
SECTION AT 149-18°E
15000 • 15
GXo s
1 0 0 0 0 -  10
5000-
Fig. 3-17. Variation in the geom etric factors of the variance along a m eridian 
through Station DLN, with depth as p a ram eter. Note the d iffe r­
ing ordinate scales.
minimum the variance on the estimate of X will be 8, 07 km . Notice that 
in G coefficients the smaller number indicates the better determination.
Control on locations in the X (east-west) direction is also good in the north­
west corner of the mapped area, east of Monteagle station, but is less good to 
the south where there is no station at the same latitude, but only Canberra 
further south.
However, control on the north-south component of the error is
best somewhat to the south of the Dalton-Inveralochy line, where the influence
of Canberra is of value. Control is generally better on Y than on X in this
region, and varies less, because the network is elongated north-south.
The charts for GT and GZ are very similar in pattern, showing
twin minima centred on the stations and a decrease from high values in the
northwest to low values in the south. The contour intervals and the numerical
values are very different. Control on time is generally very good, reaching a
minimum of . 0946 near Inveralochy. These however are time units and would
have to be multiplied by a "velocity" value between 6 and 8 to bring them into
comparison with the length estimates. For example, the minimum of . 0946 
2
means that if S was 1, the time would be estimated with a variance of • 0946 
2seconds at the Inveralochy minimum. The depth, however, would be estimated 
2to about 800 km only, for a focus on the surface. It is, of course, the general
experience of seismologists that "origin time and depth interact" and "origin
time is better determined than depth"; the graphs quantify these convictions.
An interesting effect shows up in the chart of GT especially, but
also in the others, In the calculations, the velocity used changes abruptly from
6. 03 to 8.16 km/ sec at the crossover distance. The abrupt change causes
jogs in the contours. Arcs indicating where these changes occur for a number
' 5 "
of stations are shown in Fig. 3 -^ , and it can be seen that the jogs generally lie 
along the arcs. It is because the values of GT are so small that this effect is 
prominent. In practice, observations are of very little use in depth, and 
so in time determination, because they show the effect of deviations of the 
real earth from the simple structural model adopted in calculations.
18
Fi
g.
 
3-
18
. 
D
E
T
3Z
 a
t 
th
e 
su
rf
ac
e 
in
 t
he
 D
al
to
n 
G
un
ni
ng
 a
re
a,
 
w
ith
 a
 
W
ya
ng
al
a.
 
C
om
pa
re
 F
ig
. 
3-
12
.
A section of the G variables from north to south through the 
Dalton station (longitude 149.18°E) is presented in Figure 3-17, for zero depth 
and 37 km. The main points revealed are
(1) The general shapes are not much altered as depth changes. This means
that contour diagrams like Fig. 3-13 to 16, but for other depths, 
would display sim ilar patterns, and that the earlier remarks on the 
geographic variation of control are valid for foci of any depth in the 
crust.
(2) Furthermore, the control on X, Y and T is not much altered with depth.
Although the variances on X and Y are slightly decreased as depth 
increases, control on origin time is not as good for deep shocks as 
for shallow. But it should be noticed that the scale at which the GT 
curves are drawn is 100 times that for GX and GY, so that origin time 
remains the best determined co-ordinate, at least in the vicinity of 
each recording station.
(3) Determination of depth becomes more accurate very rapidly as the depth
of focus increases, so that the variance is of the same order as that 
for X and Y at a depth of 5 km. The GZ at the surface has had to b e 
drawn at a scale reduced 1, 000-fold over that used for GX, GY and 
GZ at 37 km. Near the station, particularly, the control on depth is 
very good.
The effect of moving one station.
In August 1936, a new station at Monteagle near Young was 
commissioned and the station at Wyangala was closed. Before the move was 
made its effects were assessed by examining the changes in distribution co­
efficients in the Dalton-Gunning seismic zone. Fig. 3-18 is of DET3Z at zero 
depth with 15 stations of the network including Wyangala, (and excluding 
Monteagle), and is to be compared with Fig. 3-12 where Monteagle is included, 
Wyangala excluded. As expected, control was improved to the northwest, but 
slightly diminished north of DLN, when Monteagle replaced Wyangala. The 
main maximum is enhanced slightly.
50
The convergence of the leas t squares procedure
It was noticed that about 20% of the locations attem pted by the 
use of the least squ ares  location p rogram  had not converged, and tha t usually 
th is  was because the depth estim ate  w as e ither negative, o r varied  widely from  
one ite ra tion  to the  next.
Fortunately the latitude and longitude a re  ra th e r insensitive to  
changes in the computed depth, so that for reg ional seism icity  studies non­
convergence in depth is  not too se rio u s. F or exam ple, many of the shocks of 
Chapter 9, and tab le  A3-1 a re  of this type. But for detailed  se ism icity  studies, 
depth estim ates a re  im portant, and for s tru c tu ra l studies both depth and origin 
tim e m ust be estim ated accurately .
Some im provem ent was effected by specifying double p rec ision  
a rithm etic , and by elim inating obviously d iscrepan t readings, m ostly of S 
phases, but even in the w ell-controlled  Dalton-Gunning a rea , about 10% of 
solutions s till showed oscillato ry  behaviour in th e ir  depth estim ates. Im prove­
ment was therefo re  sought in the num erical-analy tica l methods used.
As mentioned above x, y and to a le s s e r  extent t, a re  insensitive  
to changes in z. In eqn (3-3A), the vector [ ö ] was th e re fo re  rew ritten
s  v
6 x w here 0 < A < 1
<5 y
A ö z  ö x = 6 y = Ö t  -5* 0
6 t
s. >
that is, when oscillation in the depth estim ate was detected, x, y and t  w ere 
fixed at th e ir  values from  the previous ite ra tio n  and a minim um  in the sum  of 
squares of residuals  was sought in the single variab le  of depth. The depth was 
then set to  the value corresponding to the minimum , and ite ra tio n  in a ll four 
variab les  allowed.
A p rogram  segm ent was w ritten  to  incorporate  th is  change in 
the leas t squares program . T ests  a re  made fo r oscillation  a fte r 3 u n res tric ted
51
ite ra tions have failed to converge, and if öz has changed sign between successive
2
ite ra tions, values of S R . a re  calculated for A « 1 .0 , 0.75 and 0. 5. A
l
parabola is fitted to  these  values and the A for m inim um  determ ined, provided it 
is  in the allowed range. The value of A6x is  re tu rn ed  to  the main p ro g ram  as 
a starting  point for the u n re s tric ted  ite ra tio n  which follows. The listing  of th is 
program  is not given in th is th esis , as it form s an in teg ra l p a rt of the least 
squares location program , and would hardly  be in tellig ib le  ex tracted  from  
context.
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CHAPTER 4
FOCAL MECHANISMS 
Introduction
When an earthquake occurs, i t  is observed tha t the f ir s t  
a rr iv a ls  a t som e stations a re  com pressions, and at o thers d ilatations; fu rther«  
m ore if a station  observes motion of one sign, adjacent stations a re  very  likely 
to  observe the sam e sign. It is  th is d iv ersity  of sign, and regu larity  of pattern , 
which focal m echanism  studies attem pt to explain.
The flow of inform ation from  generation a t the focus, to 
reception as a ' ’fault plane solution” is subject to num erous e r ro r s .  The situation 
is illu s tra ted  in Fig. 4-1 . F irs tly  ’’n o ise” is  introduced by all the p ro cesses  in 
the anelastic  reg ion  close to the focus. In general, the difficulties a re  such that 
one m ust be content to stop at the focal sphere, outside of which effects a re  
reasonably  p red ic tab le .
The second type of e r ro r  a r i s e s  from  inaccuracies in the 
assum ed m odels of p ro cesses  of tran sm issio n . In p a rticu la r, the velocity s tru c tu re  
of the c ru s t w ill be of m ajor concern in the subsequent d iscussion. There a re  also  
possib ilities  for the introduction of e r ro r s  during the p rocess of record ing , and 
these  include the  m icroseism s which may obscure a weak signal, an d  unfortunately 
a lso  m istakes in  the e lec trica l connection of instrum en ts . During in terp re ta tion , 
’’no ise” of a t le a s t two so rts  may enter. F irs tly , th e re  may not be enough readings 
to com pletely determ ine any solution. Secondly, it  is  quite possib le for an in te r­
p re te r  to com pletely overlook a possib le solution. But with the sources of e r ro r  
identified, it is  possib le  to take som e precautions, to tra c e  back the inform ation, 
and to say with som e confidence what o ccu rred  at the source, and ultim ately  
what fo rces th e re  w ere tha t caused the event.
Theory
1. Assum ptions and definitions
The model of the e a r th ’s c ru s t which is  adopted in the p resen t 
work is defined in Fig. 4-2. The focus is w ithin the c ru s t. D istances a re  sm all
> 4
x
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enough for cu rvatu re  of the earth  to be neglected. Most im portantly, a fault 
m echanism  is  assum ed unless the observations a re  positively against the 
assum ption.
The reg ion  around the ep icen tre  is divided into the d irec t zone
w here the f ir s t  a r r iv a l is  P  , the re frac tio n  zone w here the head wave, P ^  is  the
f ir s t  a rr iv a l, and the fa r  zone w here te le se ism ic  P is  f ir s t . The boundary between
the f ir s t  two zones is the crossover c irc le  w here P„ and P a rr iv e  a t the sam e------------------------ 1 n
tim e. The boundary between the re frac tion  and fa r zones is  only vaguely defined, 
but is probably a t 15° to  20° from  the ep icentre . The conical sheet generated  
by the locus of ray s  passing  down from  the focus and suffering c ritic a l re frac tio n  
at the M ohorovicic discontinuity is  the c ritic a l cone; p ro jected  back through the 
focus to the su rface , it tra c e s  a closed loop which w ill be called the condensation 
locus in the subsequent d iscussion.
The te rm  c ritic a l c irc le  is not used, because d ifferent authors 
have used it in different ways. Kawasumi (1934, p. 685), Sutton and Berg (1958, 
p.119) and C leary  (1963, p. 81) a ll use the te rm  for what is h e re  called  the 
c ro ssover c irc le , but Sutton and Berg also  use the te rm  fo r the boundary between 
the re frac tio n  and the fa r  zone, while for Scheidegger (1964) the c r itic a l cone 
is a t 45° sem i-apex  angle from  the d irection  of the "average” com pressive s tre s s  
axis of a region.
Sign conventions a re  that P is positive if a com pression, negative 
if a rarefaction ; while SH, the component of S motion perpendicular to  the plane of 
propagation is taken positive if clockwise viewed from  above. SV, in the plane 
of propagation, is positive if down and away.
In fault motion, the plane of faulting is a node of no P motion, 
and the sign of P changes from  one side to  the o ther of the plane. R elative motion 
takes place in som e d irec tion  in the fault plane, and, norm al to  the d irec tion  of 
motion, th e re  is  an aux iliary  plane which is a lso  a nodal plane. But by observations 
of P alone, it is not possib le  to  decide which plane is which, so that it is  custom ary 
to rep o rt the s tr ik e  and dip of both. It is a lso  som etim es useful to  define the two 
possible d irections of motion, these  a re  conventionally re fe rre d  to  as the A and C
(k
m
)
Fig. 4-3. Radius of the c ro ssover c irc le  as a function of focal depth.
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kinem atic axes. The B axis is in the in te rsec tion  of the fault and auxiliary  
planes, and A, B, and C form  an orthogonal set. By fu rth e r hypothesis, the 
fault and auxiliary  planes a re  assum ed to  be planes of pure shear, and so the 
B axis is identified with the axis of in term ediate  p rinc ipal s tre ss ;a n d  principal 
s tre s s  axes, P for pure com pression  and T fo r pure ten sio n ,a re  derived  by 
rotation round B by an "angle of slip" chosen from  observation of the deform ation 
of rocks as about 30° to  45°. For angle of slip  = 45°, the s tre s s  axes derived 
from  A and from  C coincide, and th is  sim plification is  often adopted. The p re ­
cision of the estim ates of s tre s s  d irec tion  is generally  quite low, so that the 
e r ro r  involved in this assum ption is not very significant.
2. D istribution of signs of P in the d irec t zone
The rad ius of the c ro sso v e r c irc le  bounding the d irec t zone 
is found by equating the tim es of d irec t P and  re frac ted  P^ .
v (2 H -  h) + 2 vn (H ( H -  h ) ) 1 /2
, 2 2 1 / 2  ( v  -  v. )n 1 1
This function of h is plotted in Fig. 4-3. In exceptional cases, it may be possible
to read  the d irection  of motion of both P and P„ beyond crossover.n 1
The re la tion  between the p a ram e te rs  of the fault and auxiliary  
planes can be derived by considering the block d iagram  Fig. 4-4 . The fault 
plane is A ’ X ’ OY , with dip 8 and s trik e  taken without loss of generality  along 
A' XT. The motion d irection  is along O A ', with plunge ß and tren d  90—cr from  
the A’ X1 direction. The auxiliary  plane BOC is norm al to  O A ’ at O, and the 
horizontal angle between the two planes at B is  cr :
. h O A 1 sin  ß O A' sin  ß _ tan  ßtan  o — — — —
O’X’ O’A 1 cos cr O A’ cos/3 cos cr cos cr
but tan ß =
tan  6 ’
tan  6 tan  6 ’ cos cr = 1 The O rthogonality c r ite r io n .
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Fig. 4 - 4 .  Block diagram  of the geom etry of the nodal planes.
That is , the dip of the fault and au x ilia ry  planes a re  re la ted  by th is equation 
to  the angle betw een th e ir  s trik e  directions. E xpressing  th is in te rm s of the 
depth of focus
h h____  . ____ . cos <j -  1
O’X’ O’ C
, . O’ X’but cos cr = _____
O’ A’
2
so  tha t O’ C . O’ A' = h The Pivotal condition.
tha t is, given the tra c e  of one plane, th e re  ex ists a point on the perpendicular to 
th is tra c e  through the ep icentre, through which the tra c e  of the other plane must 
pass. With th is  very  convenient form  of the orthogonality c rite rio n , it has been 
found possib le to check the possible nodal lines in the d irec t zone very rapidly.
The point A’ is of course the outcrop of the norm al to the 
auxiliary  plane at the focus, but it is  also the pro jection  of the motion direction 
to the surface. The components of d ip-slip  and s tr ik e -s lip  a re  O X' and A' X’ , 
and
A ’ X’_____  = tan  cr cos 6 .
O X’
3. D istribution of signs of P in the refrac tion  zone
Waves trave lling  down from  the focus a t the c ritic a l angle i 
a re  refracted , at M and tra v e l as head waves. The sign is the sam e as that of 
a P wave which pen etra tes  som e distance below M and re tu rn s  to  the surface in 
the fa r  zone.
If a nodal plane happens to dip m ore steeply  than the c ritic a l
cone, i. e.
6 > 90° -  ic r
th e  P^ ray s  on one side of the nodal plane have opposite sign to  those on the
6 0
CRlT CONE
C U T S  MOrtO
r
P4g. 4 - 5 .  P lan  and Section of a fau ltp lane cu tting  the c r it ic a l 
cone.
other side. The tra c e  of the nodal plane on the cone sheet is  a p a ir  of rad ia l 
lines in plan , and the  c ritic a l re frac tions map these  rad ia l lines into rad ia l 
lines in the re frac tio n  zone (Fig. 4-5).
The re la tion  between the dip of the nodal plane and the angle 
of the rad ia l nodes can be computed by considering f ir s t  the section :
tan  6 =
H - h and tan  i LF
but in plan sin  a
NF
5=
c r
NF
H - h
so that sin  a tan  inr*
LF
tan 6 = 1 The rad ial node re la tion
In the model adopted fo r the c ru s t in th is work th is re la tion  is graphed in Fig. 4-6. 
As i is  le ss  than 45° , it is  possib le  to have both nodal planes in te rsec tin g  the 
c ritic a l cone, and two p a irs  of rad ia l nodes.
This is  the g raphical method used by Kawasumi, Sutton and 
Berg , and C leary. However, the nodal tra c e s  form  a com plicated p a tte rn  on 
the map which m akes the method inconvenient in use.
By taking advantage of the cen tral sym m etry  of the fault model, 
o r indeed of any "second o rd e r"  source, in the notation of Bessonova et a l . (1960), 
it is  possib le  to  sim plify the g raph ical working. All p a rts  of the re frac tio n  zone 
rep o rt inform ation leaving the  focus at the c ritic a l angle. P ro jecting  the  c ritic a l 
cone back through the focus to  cut the surface, and noting tha t if the source  is 
cen trally  sym m etrical, then so is  the sign of P motion, the whole of the re frac tion  
zone can be mapped onto the condensation c irc le . The points so plotted may be 
thought of as ex tra  d irec t wave inform ation, so that the theory  previously  developed 
applies, and it is  only n ecessa ry  to draw two stra igh t lines in the d irec t zone, 
which satisfy  the pivotal condition, to  have established a nodal solution.
The rad ius of the condensation c irc le  is
A = h tan  i cn c r
1. 1 h for the adopted model.
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4. D istribution  of signs of P in the fa r zone
The whole of the fa r zone m aps back inside the condensation 
c irc le , and could be tre a ted  in  the sam e way. T here  has not been occasion to 
use readings from  beyond the re frac tion  zone, as none of the earthquakes tre a ted  
were, sufficiently  energetic  to send c lea r  signals so far. If the method of extended 
d istances w ere  to be used, however, a m odification to the standard  Hodgson and 
Storey (1953) tab les, to account fo r the d ifferent velocity at the focus would be 
required . In Fig. 4-7 :
cos e ’ := v ’ V 15  # V ii 1
V V V V
cos e
w here V is the apparent velocity and e is the angle m easured  from  the horizontal, 
at which the ra y  leaves the focus.
But D = tan  e
so that
v cos a rtan  D’ = v ’ cos a rtan  D
w here v is  the surface velocity, 7.77 k m /s e c , assum ed in the H - S tab les,
D the extended distance from  those tab les and v' and D’ a re  the local equivalents.
There is  a lso  a sm all co rrec tio n  a ris ing  from  the non-zero  
depth of focus, in that the apparent velocity should be evaluated at the slightly 
g re a te r  d istance from  the su rface  em ergence of the ray  ra th e r than for the ep i­
centre. But the  ex tra  d istance never is g re a te r  than
6 A = h cos i <  1 /3 °c r
and _______  -  ____  < 0. 1 s e c /d e g re e
d ( A + l / 3 )  d A
and is th e re fo re  negligible.
5. D istributions of the sign of SH
The fault plane is  one node of SH motion but the auxiliary  
plane is not. I t is  th is  d ifference from  P which should aHow the two planes to be
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Fig. 4 - 8 .  The g eom etry  of the second  node of SV.
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distinguished, but in the p resen t work no sh ea r waves of sufficient c larity  have 
been found, and the theory  is  presented  for re fe ren ce  only. The other node of 
SH motion is  the plunge plane, because motion is  in  th is  plane and th e re fo re  
th e re  can be no m otion norm al to it. In the d irec t zone t  he plunge plane tra c e s  
a line norm al to  the auxiliary  plane through the ep icen tre . The c ro sso v er c irc le  
is however a t a slightly g re a te r  radius than tha t fo r P, by about 12 km  for a 
su rface focus.
The sign of SH is  not changed by condensation, as the sign 
convention is  in  te rm s  of the cen trally  sym m etrical concept of "clockwise from  
above", but the rad iu s of the condensation c irc le  is  now
A « 1.2 h for the adopted model,cn
The sign may always be estab lished  by the following consideration. In the d irec t 
zone the ray  which em erges a t the surface is upgoing a t the focus. Draw the 
surface p ro jec tion  of the ray  as a radius from  the ep icen tre . Draw also  the 
surface pro jection  of the m otion "vector" with sense appropria te  to the side of 
the fault plane being considered. Resolve th is  p ro jected  vector p a ra lle l and norm al 
to the rad ius; if the perpendicular component is  clockwise, SH is positive.
6. D istribution of sign of SV
The fault plane is one node of SV m otion and the other is a 
cone with apex at the focus, which cuts the surface  in  a c irc le . The line joining 
the ep icentre to  the outcrop of the motion d irection  is a d iam eter of th is c irc le .
To dem onstrate  th is fact, consider Fig. 4 -8 . F is the focus,
E the ep icentre, P  the pole of the motion and S a station
Plane PES is horizontal
P E F  is the plunge plane
SEF is the plane of propagation of the ray .
Draw a unit vector M to rep re se n t the motion on the fault. Resolve th is  into P 
in the ray  to the station  and S perpendicular to  th is . Resolve S fu rth er into 
SH , horizontal, and SV in the  d irection of maxim um  slope of the plane norm al
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to  P . It is  req u ired  to  estab lish  the locus of S such that j SV [ « 0 .
But as j SV I 0, SH — S
.*. SH is  in the plane PFS and a lso  horizontal.
.* . SH is  p a ra lle l to  the line SP.
But SH is a lso  perpend icu lar to the plane of propagation, by definition, so SP 
is a lso  perpend icu la r to  th is plane
.* . ESP is  a rig h t angle,
i. e. S is  constrained  to  move on a c irc le  with EP as d iam eter, when | SV | « 0 .
The relationships developed for the radius of the c ro sso v e r and 
condensation c irc le s  fo r SH hold also  for SV, but it  is  im portant to  note that tihe 
sign of SV re v e rse s  on condensation. This is a consequence of the sign conventions; 
"down” is  not a  cen tra lly  sym m etrical concept.
The sign may be determ ined by f i r s t  considering motion in the 
plunge plane, w here th e re  is no SH component. Drawing a te s t  vecto r M in the 
motion d irection , with sense appropria te  to  the side of the fault plane on which 
the station lie s , and a lso  drawing P in the d irec tion  from  focus to  station, it is  
evident that SV is  the  th ird  component of the vecto r triang le , and its  d irection  
is determ ined. The sign convention may then be applied. The sign changes 
on crossing  a node tra c e  and th is  fact allows all regions to  be given a sign.
^  /
7. Theory fo r a dipping M ohorovicic discontinuity ,
The c r itic a l cone has its  axis norm al to  M, and cuts the e a r th ’s 
surface in  an e llip se , on which the re frac tio n  readings a re  condensed. If the 
dip is 6, the m ajo r ax is w ill lie  in the dip d irection , its  ends being a t
and
EB ss h tan  (i -  8 ) c r  '
EA « h tan  (i + 6 ) c r  '
from  the ep icen tre  (Fig. 4-9). The eccen tric ity  is given by
e bb sec i . s in  6 c r
ss 1. 35 sin  6
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Fig. 4 -9 . The geom etry  of the condensation  p ro c e s s  for a dipping 
M ohorovicic d iscon tinu ity .
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Fig. 4 -  10. Pkottfm kcrogrftph ”00) of the C sb rsm urra  r te o rd  o4 the
R errititl«  enrtiu]tt*l*£ of t f t l i  Mmy ^38.
for the velocities of P waves used in the model. The m inor axis is of length
For <5 < 5° , e <  0.12 , so th a t the e llip se  is not very  d ifferent 
from  a c irc le  fo r likely values of dip. The c ro sso v e r locus is  also an e llipse.
The tra c e s  of the nodes a re  unaltered.
Method
The location of the earthquake m ust f i r s t  be determ ined, and the 
depth is especially  im portant; in p rac tice  th is m eans a t le as t two P^ 
readings within a few tens of k ilom etres of the ep icentre . Each rec o rd  is then 
read  for d irection  of motion. As the earthquakes used have to  be la rge  enough 
to w rite  c lea r  signals a t th ree  or four hundred k ilo m etres , it is  common for 
the f ir s t  b reak  to be ex trem ely  sharp  a t the c lo sest sta tions. It may not be 
possible to  decide the d irec tion  of b reak  by ord inary  exam ination, but it  has been 
found tha t exam ination under about 100 X m agnification w ill reso lve the individual 
s ilv e r g ra in s of the photo em ulsion, and allow a d irec tion  to  be estab lished  from  
the few gra ins exposed a t the s ta r t  of the motion. Fig. 4-10 is  a photom icrograph 
of such a reco rd , with f i r s t  m otion up the page.
Even though g re a t care  is  taken in a ll se ism ic  stations to estab lish  
the re la tion  between ground m otion and trace  motion, it is  s till  quite common to 
find som e stations wrongly connected. The b est way of checking seem s to  be to 
read  a num ber of im pulsive beginnings of distant earthquakes a t each station  a t 
about the tim e of the local event of in te rest, and to make use  of the observation  
that adjacent stations usually  have the sam e sign. R iverview, C anberra and 
Toolangi w ere used in the p re sen t work. When these  ag ree  on the d irec tion  of 
motion of an im pulse, a ll the m inor stations of sou th -east A ustra lia  should a lso  
agree, and the inconsistencies which have been found from  tim e to  tim e  have 
always, when checked by tapping the seism om eter, been found to  be caused by 
faulty connections. It is  alw ays necessa ry  to make th ese  checks.
Fig. 4-11. Seismogram showing P and P directions. HLA, 1963 May lt>,
A about 210 km.
TABLE 4-1 .
Date Tim e 
h :m : s
Depth
km
Mag Location
1959 May 18 06:12:59.2 17 5 B errid a le
1962 Aug 26 11:45:36.9 10 2 -3 /4 L erida Creek
11:50:17.7 25 2 -3 /4 South of Gunning
14:07:36.2 18 2 -3 /4 I t
14:07 18 Second shock ”
14:49:54.7 - 2 n
17:24:06.2 - 2 -3 /4 North of Gunning
27 02:19:12.2 8 2 -1 /4 t i
28 19:34:47. 7 5.7 3 IT
29 22:00:49.9 15.4 2 -1 /2 L erida Creek
22:18:03.2 - 2 -1 /2 i t
30 18:17:59.6 - 2 -1 /2 i t
1963 May 15 18:22:36 (see text) 3 -1 /2 South of Gunning
M arch 31 02:27:34. 9 34.9 3 -1 /2 W est of M urrum batem an
June 14 19:23:47.8 1.6 4 -3 /4 Welshpool
1964 Jan  8 23:30:27. 7 14.2 3 -3 /4 Eurabba
Jan  15 01:56:12.4 6 3 Dalton
1965 M ar 18 18:09:31.1 33 (R) 5 E ast of F linders I.
Sep 14 12:34:34.1 H .4 ) 5 .0 Off Lom e
Sep 14 12:53:13 5.7 t i
1966 May 3 19:07:53.1 7 .6 5 -3 /4 Mt. Hotham
Dec 15 19:08:29.1 33(R) 5 -1 /2 South Tasm an Sea.
Occasionally, m ore than one phase can be identified on the se ism o ­
gram  so c lea rly  that its  d irection can be read . This is  the case  with the reco rd  
shown in Fig. 4-11.
With the d irections of ground motion established, it is  only 
n ecessa ry  to plot these on a map, with a t the station  position, and on the 
condensation circ le ,and  to  seek to  draw  two s tra ig h t lines satisfying the pivotal 
condition through the observations. When these  lines a re  fixed, it  is possible to 
scale off dips and s trik e s  of the various elem ents. The 1 : 1 m illion geographic 
se r ie s  m aps, assem bled  into a com posite of the whole of southeast A ustralia , 
have been found ideal for th is , as for o ther seism ological purposes. The d is ­
to rtion  of lines is sm all enough to be neglected in th is  work.
Nodal Solutions
Table 4-1 lis ts  earthquakes for which nodal solutions have been 
attem pted, and 4-3 the solutions obtained. Each shock w ill be d iscussed  in turn .
1. B errid a le
Cleary (1963) found a solution which im plied horizontal th ru s t from  
the southeast -  northw est with a near v e rtica l tension  axis. He chose the fault 
plane as a high angle re v e rse  fault s trik e  50° , dipping 55° to the NW. , the 
northw est side moving up with re sp ec t to the SE.
When the geological work of Lam bert and White (1965) becam e 
available, the p resen t author re-exam ined  the earthquake data, and discovered 
that a tra n sc u rre n t solution could also  be obtained. One plane had a s trik e  very 
nearly  the sam e as the geological s tru c tu re , and m otion was very  nearly  pure 
tra n scu rren t. However, the sense of movement was Right Hand, opposite to 
the d irection  mapped. Lam bert (personal communication, 1967) points out that 
norm al faults on north-south lines cut the T e rtia ry  b asa lts  in the a rea , and that 
this is consisten t with recen t righ t hand slip, but not with left hand slip , which 
m ust have occurred at a p re -T e r tia ry  tim e.
The tra n sc u rre n t and re v e rse  solutions a re  com pared in Fig. 4-12.
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Fig. 4-12. Two possible nodal solutions for the B errida le  
earthquake; 1959 May 18, 06:12:59.2.
2. Lerida Creek Sequence
In August 1962, a swarm of shocks with magnitudes between 2 and 
3 occurred at Lerida Creek, south-east of Gunning and close to the Cullarin 
Scarp at the northern end of Lake George. Because of their interesting position, 
fault plane solutions were attempted, but arrivals were too weak at distant stations 
to give reliable directions of motion, and no unique solutions were found. Table 
4-2 is a list of useable readings, from which it may be seen that although the 
near stations are consistent, the more distant ones are not, and that for Werombi, 
the components of motion are inconsistent as well in some cases.
Table 4 - 2
Date Time Depth DLN INV CAN WER WAM Others
1962 Aug. GMT
26 11 45 12 <P) D weak Pn:U(S)W D CAB (U)
11 50 25 P :D SW  n i l DNW JNL U
14 07 (1) 15 (D) D ((U)) P :US W n D
14 07 (2) 14 - - Pn:D(N)W D
29 22 00 15.4 D D (U) U, (N)
22 18 - D D D U U JIN P : D n
30 18 17 - D D N P :U n
3. Dalton Sequence
The third of these shocks was sufficiently energetic to record at 
Werombi as a P ; up, north and doubtfully west. Dilatations were recorded from 
Dalton, Inveralochy, Jenolan, Avon, and Cabramurra. Of the other two shocks, 
both recorded compressions at Werombi, and the second recorded a dilatation at 
Jindabyne. But almost any combination of planes would fit this distribution.
4. South of Gunning
Neither Dalton nor Inveralochy stations were operating at the time 
of this shock, so that the closest station was Canberra. The computer solution did
. HLA
r ,  • u  
P. *o
Fig. 4-13. Nodal solution for the earthquake south of Gunning; 1963 May 15, 
18:22:36.
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not converge in depth. But exam ination of the HLA reco rd  showed both P 
and P to  be p re sen t (Fig. 4-11). The separa tion  of these  phases is 2 .1  
seconds, corresponding to a depth of 3 -1 /2  km. P^ is up , but P^ is down.
In Fig. 4-13, t r a c e  1,c" is re s tr ic te d  to s trik e  no m ore than 006° , and dip 
about 27° East, because of the constrain ts im posed by WAM and CAN, but 
could s trik e  anywhere round to due north  and even west of north. The pivotal 
condition, along with the constrain ts  of JNL and CAB fixes the "a" tra c e  to  
s trik e  032° , dip 77° to  the west. This then is  a w ell determ ined solution; 
the p a ram e te rs  a re  lis ted  in Table 4 -3 , w here the m ore certa in  of the solutions 
a re  collected. If Plane "c" was the fault plane, m otion would be a shallow th ru s t, 
east side up, with a left hand tra n scu rren t component. The ra tio  of s trik e  slip  
to  dip slip  would be 0.46, which is a slip  angle of about 65°. On the o ther hand, 
plane "a" would rep re sen t high angle rev e rse  faulting, west block up with a 
m inor righ t hand tra n sc u rre n t component.
The null axis in  th is solution plunges 3 -1 /2 °  to  the eas t of north, 
the com pression  axis is d irec ted  from  the southeast and plunges 10 to  30° , 
and the tension axis is d irec ted  up a t 35° to 55° in d irection  about 250°.
This earthquake is not fa r from  the L erida  Creek sw arm , and the 
solution is  s im ila r to the ten tative solution proposed for them .
5. W est of M urrum batem an
All the Sydney stations recorded  com pressions and a ll the Snowy 
stations ra re fac tions. At C anberra  the ground moved up, but ne ither Dalton 
nor Inveralochy had useful reco rd s. No unique solution could be obtained.
6. Welshpool, V ictoria
Readings a t Toolangi, C anberra, a ll the Snowy stations, and the 
two im pulsive readings on Sydney stations, w ere  a ll down. N either the Tasm anian 
stations, nor Adelaide, w ere  able to rep o rt d irections. No unique solution could 
be found.
7. Eurabba
Only Dalton was within the d irec t zone of th is earthquake, but both
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Fig. 4-14. Nodal solution for the Eurabba earthquake of 8th Jan. 1964.
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P and P H w ere recorded  at C anberra and C abram urra . When the P  readings n 1 n
w ere condensed back, they form ed an a rc  no rth  and w est of the ep icentre,
Fig. 4-14, of which all but the ex trem e m em bers w ere down. The f i r s t  thought 
would be to  pass a tra c e  NE-SW through the condensed readings, but th is tra c e  
would go close to  the epicentre. The other tra c e  m ust separa te  C anberra  and 
Dalton P readings, and could not a lso  pass through the pivotal point without 
running foul of the condensed P readings. The solution finally a rr iv e d  at had 
both tra c e s  constrained  within a few degrees. If plane "a" was the fau lt plane, 
motion was norm al faulting, south block down, with a m inor left hand tr a n s -  
cu rren t component. The values a re  lis ted  in Table 4 -3 . N orm al faulting is 
a lso  im plied if the motion occurred  on plane "b", in th is  case  the northern  block 
would have moved down, and slightly left hand tra n scu rren t.
The null axis s tr ik e s  southeast and plunges about 8° only. The 
te n s io n  axis is n ea r horizontal, in a no rtheast-sou thw est d irection , and com ­
p ressio n  is nearly  v ertica l.
No shock studied in th is w ork has given a m ore re liab le  fault 
plane solution.
8. Dalton
The motion was very  rapid a t Dalton, w here the earthquake was
felt, but exam ination of the reco rd  with a m icroscope has indicated probable down
motion. One tra c e  m ust be drawn to sep ara te  the condensed Snowy station
readings, one of which is  up and two down, and th is  tra c e  cannot pass  fa r  from
the epicentre, o therw ise the pivot points for the o ther trace  would be too far
west of Dalton. The solution indicated in Fig. 4-15 could be a lte red  so that
the two tra c e s  w ere m ore nearly  p a ra lle l, but the a lte ra tion  could not be m ore 
o
than 4 or 5 for each.
In any case the solution indicates norm al faulting with a sm all
tra n s c u r re n t component. If plane ”a" w ere the fault plane, the s trik e  would be 
o o
033 , the dip 70 south of east, and the e as te rly  block would have moved down 
and to  the north. P lane "b” has s trik e  012° and dip 22°; if it w ere  the fault,
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Fig. 4-15. Nodal solution for the earthquake north of Dalton; 
1964 Jan. 15., 01:56:12.4
Fig. 4-16. Tentative nodal solution for the earthquake off Lome; 1965 Sep. 14, 
12:34:34.1 GMT.
motion would have been down on the w esterly  block, which would a lso  have 
moved north.
The d irec tion  of the null axis would be about 208°, and its  plunge 
although not w ell determ ined  m ust be le ss  than 8°. The tension axis is th e re ­
fore n ear horizontal, d irec ted  WNW and ESE, while the com pression  axis is 
n ear v e rtic a l and d irec ted  a little  W of North.
9. E ast of F lin d ers  Is.
Only Bogong (up) and C anberra (down) have readable d irections. 
Bulletins from  in te rs ta te  stations all rep o rt em ergent beginnings. No solution 
is possib le .
10. Off L om e (Two events)
M elbourne was the only operating station  within the d irec t zone. 
Consequently, the depth of focus was not w ell determ ined, even when high 
weight was given to the M elbourne tim e. F urtherm ore , at m ost stations the 
beginnings of both the events w ere ra th e r sm all and com plicated, presum ably  
because the faulting was compound, or continued for an appreciable tim e. But 
enough P observations w ere collected from  the f ir s t  event to  show tha t the 
readings would not be inconsisten t with pure righ t hand tra n sc u rre n t movement 
p a ra lle l to the coastline, o r a lternatively  pure left hand tra n sc u rre n t slip  on a 
plane norm al to  the coast (Fig. 4-16). The second event at th is  focus, 10 
m inutes a fte r the f ir s t , and magnitude 5. 7, gave a reading as fa r as B risbane 
(up), but in the case of Jindabyne, the motion was c lea rly  up, in contradiction 
both to the m otion from  the f i r s t  event, and to  the motions from  the surrounding 
stations. The sam e may be tru e  for Bogong, but the reading is  em ergent. Not 
enough im pulsive readings could be collected for a unique solution.
11. Mount Hotham
This earthquake is  the only one of the 22 studied for which the 
data prohibit any solution. F igure 4-17 shows why th is is so. A tra c e  m ust pass 
between the condensed P ^  read ings of Dalton (up) and B risbane (down) and also  
m ust separa te  the condensed Tasm anian readings which all agree  the motion
;3
recorded  was down, from  the reading at Bogong, w here although the m otion 
was rap id , m icroscopic  examination estab lished  an up movement. The "a ” 
tra c e  is  th e re fo re  severely  constrained, it s tr ik e s  020° , and p asses  no m ore 
than 2. 2 km  to the w est of the epicentre. A re liab le  focal depth of 7. 6 - 7. 0 km 
was obtained i n  the location of th is shock, (C hapter 10) so that the pivotal point 
for the second tra c e  lies at the point X southeast of the ep icentre. No s tra ig h t 
line can be draw n to  separa te  the fields of ups and downs while passing  through X.
Some other possib ilities can be elim inated by a few m inutes t r i a l  
with ru le r  and sca le , and the conclusion is  forced tha t no solution is  possib le .
R easons fo r this fa ilu re  may be sought. One is that som e stations 
a re  wrong in tim ing  or d irection , but careful re-check ing  has elim inated th ese  
p o ssib ilitie s . The sign at Bogong was difficult to  read , but even if i t  was wrong, 
no solution could be found to fit the re s t  of the data. Another possib ility  is that 
the depth is  in co rrec t. But a g re a te r  depth m akes the position w orse, because 
although the co n stra in t on the "a” tra c e  is slightly re laxed , the pivotal conditions 
forces point X fu rth e r to  the southeast and the second tra c e  cannot be drawn.
A depth le ss  than about 6 km precludes the possib ility  of drawing the "a ” tra c e  
at a ll. An e r r o r  in location, again, cannot have a g rea t influence on the solution, 
because the m axim um  distance of the "a” tra c e  from  the ep icen tre  is  controlled  
by the condensed readings, which w ill hardly shift th e ir  position re la tiv e  to 
the ep icen tre  for any reasonable  m islocation. I t is  only possib le th a t if the 
hypocentre was in fact a few k ilom etres west of the indicated point, and only 
2 km deep, a solution could be found with tra c e  ”b" strik ing  about 070° and p a s s ­
ing 1 km south of the new epicentre. For reason^ se t out in Chapter 10 th is  shift 
is believed unlikely.
The final possib ility  is tha t the m echanism , or the s tru c tu ra l model, 
is m ore com plicated than assum ed at the beginning of the p re sen t chapter. The 
f ir s t  of th ese  cannot be investigated  except by elim ination of a ll o ther possib ilitie s; 
the second is  how ever d istinctly  indicated by the re su lts  of Chapters 5 and 6, 
but re su lts  fo r the Hotham a re a  a re  not yet well enough estab lished  to re v ise  the 
nodal solution with any confidence.
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12. South T asm an Sea
A ll readings a re  of re frac ted  a r r iv a ls , no depth could be d e te r­
mined. M ainland stations w ere a ll negative, with the exception of Riverview 
to the north , and Dalton which is contradicted  by a ll the surrounding stations. 
Tasm anian sta tions w ere all up. No New Zealand station recorded  a satisfac to ry  
P wave.
Condensing the available readings to a c irc le  of indeterm inate 
radius round the epicentre, a group of negative readings to  the southeast is 
flanked by positive readings to east and south. There a re  two possible a rra n g e ­
m ents to  sep a ra te  these  readings. The f ir s t  would be a p a ir of tra c e s  NW to SE 
which would im ply norm al faulting with tension  on a northeast-sou thw est line, 
with a null axis not fa r from  horizontal. The o ther possib ility  is to draw one 
tra c e  from  no rth east to southwest through both changes of sign on the conden­
sation c irc le . The other tra c e  would be com pletely unconstrained round the 
pivot point. This solution is one of overthrusting , but the dip and the presence  of 
tra n sc u rre n t m otion cannot be determ ined. C om pression would act generally  
from  northw est and southeast in th is  solution.
Summary
Of a ll the earthquakes d iscussed  above, only four have yielded 
useable solutions, and Table 4-3 gives the num erical details, along with the 
solution p resen ted  by C leary for the B errida le  earthquake. The conventions of 
naming the fault planes "a ” and "c” has appeared before. The A vector lies in 
the "a" plane, and exp resses the d irection  of slip , m easured  from  the focus, 
which the upper block experiences re la tiv e  to  the lower. R everse  faults and 
th ru s ts  th e re fo re  have negative plunge. The B, P and T axes a re  expressed  
m ore conventionally in te rm s  of th e ir  trend  fo r plunge below the horizontal.
A ll the earthquakes in south east A u stra lia  for which solutions have 
been found a re  collected  in Fig. 4-18, which is a Wulff s te reo g ram  on the lower 
hem isphere. Both of the B errida le  solutions, the p re fe rre d  solution which C leary 
p resen ts  for the R obertson shock, and the Sutton, Rock Flat, B right and Otway
NFig. 4-18. Summary of Southeast Australian focal mechanism 
solutions. Stereographic projection on the lower 
hemisphere.
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solutions (C leary, 1963) ; as well as the solutions d iscussed  above, a re  plotted. 
Open sym bols rep resen t rev e rse  fault m ovem ents, the c irc le s  being the p re ­
fe rre d  faults and the squares the auxiliary m ovem ents, w hile the plus signs show 
null axes, P com pression  and T tension axes.
It is im m ediately obvious tha t th e re  is a tendency for null axes 
to  c lu ste r to the SW, with sm all values of plunge, while com pression axes c lu ste r 
between w est and northw est with m oderate plunge, and tension axes a re  m ostly 
n ear v ertica l. The azim uth of the P axes indicates the d irection  from  which 
com pressive s tre s s  is d irected , namely NNW and SSE. But it is  not possib le 
for the com pressive s tre s s  to be very fa r  from  horizontal for such shallow e a r th ­
quakes over such a wide a rea , if equilibrium  is to be m aintained.
This problem  can be approached from  a slightly different point 
of view, by assum ing the P axes horizontal, and calculating the angles between 
the fault planes and the P axis for each event. The re su lts  a re  p resen ted  in 
Table 4-4 , w here a ll the P axes with tren d s  to  the NW have been collected to  the 
"a" column. Two shocks, Eurabba and North of Dalton, gave norm al faulting, 
with which horizontal com pression  is not com patible. The tension axes have been 
ro tated  to  horizontal for these  earthquakes, but the values a re  not used further.
The average azim uth of the horizon ta l P axes is 298°, The slip  
angles a re  ra th e r  uniform ly d istribu ted  from  0 to  90° , and a ch i-square  te s t  
confirm s tha t th e re  is no p re fe rre d  angle of slip.
The fault plane work is , th e re fo re , com patible with the idea 
tha t s tre s s  is being applied to  the c ru s t of southeast A ustra lia  from  a WNW - 
ESE direction, and that the c ru s t is responding by movement along p re -ex is tin g  
lines of w eakness.
The method of nodal analysis which has now been developed, if 
p e rs is ted  with for a num ber of years, is  ce rta in  to yield valuable re su lts , and is 
one of the m ost powerful applications of a local se ism ic  network.
TABLE 4 - 4
a plane c plane
Earthquake Angle of 
slip
Azimuth of 
horizontal 
P axis
Angle of 
slip
Azimuth of 
horizontal 
P axis
C leary 's  solution
B errida le
55 320 36 140
T ran scu rren t 11 15 280 73 100
South of Gunning 77 300 14 120
Eurabba 44 218 45 038
N of Dalton 19 301 72 122
Off Lom e 0 270 0 090
Sutton 53 280 35 100
Rock F lat 47 294 35 114
Robertson 60 304 30 124
Cape Otway 70 315 20 135
Bright 68 323 22 153
90
WAM
BOV
Fig. 5-1. Map of shots and stations. Three letter codes indi­
cate stations which recorded the shots, the numbers 
are station mean residuals with standard errors.
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CHAPTER 5
SEISMI C VELOCITIES FROM EXPLOSIONS OFF THE CENTRAL 
COAST OF NEW SOUTH WALES
Introduction
The to ta l se ism ic  system  has, as an im portant component, a 
model of s tru c tu re  under the network. In C hapters 3 and 4, the way in which the 
sim ple model adopted has influenced the re su lts  obtained with the netw ork is 
discussed. In th e  p resen t chapter, a m ore re a lis tic  model has been evolved by 
using the netw ork to observe special explosions.
Since its  inception, many off shore se ism ic  events have been 
detected by the use of the network, and these  have generally  turned  out to be 
naval te s ts . The Royal A ustra lian  Navy (R. A. N .) was th e re fo re  asked to  fire  
som e large charges in locations which w ere well placed with re sp ec t to the network. 
The im m ediate aim s of the experim ent w ere to gain inform ation about a possib le 
"in term ediate  " layer, and to  study the c ru s t and upper m antle n ear the conti­
nental m argin.
P rocedure
The autumn was chosen as m ost suitable fo r the work, as the sea 
is usually calm  and the m ic ro se ism  level low. Between 20 and 22 A pril 1965, the 
R. A. N. made available the tr ia ls  vesse l H. M. A. S. Kimbla, and five explosions 
w ere detonated from  the ship on the continental shelf between Tugger ah Lakes 
and Je rv is  Bay, at positions m arked in Figure 5-1. Positions and tim es a re  lis ted  
in Table 5-1. Three of the shot points w ere chosen n ear the northern  end of the 
network, which extends approxim ately northeast-sou thw est, so th a t observations 
of waves travelling  in a southerly  d irection  would com plem ent the observations 
made in 1957 tow ards the north  from  the Snowy Mountains b lasts  (Doyle, Everingham  
and Hogan, 1959). W erombi was chosen as the key station  in the attem pt to reco rd  
a rriv a ls  from  an in term edia te  layer, because it is  m ore fully equipped than other
TABLE 5 - 1
Shot tim es and positions
Shot
Number Shot Name
Lat. °S oLong. E Date
A pril
1965
Tim e 
G. M. T.
1 Centre North 33.58444 151. 54481 20 04:41:56. 32
2 F ar North 33.41408 151.66314 20 08:09:03. 21
3 North Je rv is  Bay 34.82556 150.91042 21 01:50:00. 84
4 South Je rv is  Bay 35. 16244 150.81397 21 06:07:46. 17
5 Manly 33.82867 151.40350 21 23:22:27. 96
network stations in the Sydney a rea , and because a suitable s ite  was available 
close by for laying out a seism ic  "spread" fo r apparent velocity observations.
The shot locations w ere th e re fo re  chosen a t d istances from  W erombi at which 
a rr iv a ls  from  the in term ediate  layer w ere expected  to  be large (C leary, 1963), 
and the southern shots w ere also  chosen so as to be rem oved about 90° in azim uth 
from  the northern  group. The latitude of each shot was specified, but a wide 
to lerance  on longitude was allowed so tha t the depth of w ater over the shot could 
be m aintained at about 40 fathoms (70 m .).
A field party  from  th e  B ureau of M ineral R esources, Geology and 
Geophysics, laid out two geophone sp reads at W erombi. In the line of the northern  
shots, groups of four E lec tro -T ech  4 -1 /2  C. P. S. geophones w ere connected to 
each of 24 tra c e s , making a spread  of 4, 600 ft (1,400 m .) overall. Norm al to 
th is , a 2, 200 ft (670 m. ) sp read  of twelve Model 200 M id-W estern 6 C. P. S. 
geophones was laid. Local surveys w ere made to determ ine azim uth, elevation 
and w eathering co rrections. A pparent velocities w ere m easured  ac ro ss  these 
spreads for th ree  of the f ir s t  a rr iv a ls , as noted in Table 5-2, but la te r a rr iv a ls  
proved difficult to sca le  with the paper speed of 13 in. (33 c m .) per second, and a 
speed of 5 or 6 in. (12-15 c m .) p e r second would have been b e tte r.
At the fixed stations of the network, m aintenance and adjustm ent was 
c a rr ie d  out in the week before the b la s ts , so tha t m ost of the equipment functioned 
co rrec tly . Special c a re  was taken in obtaining shot positions. In addition to sun 
observations and horizontal sextant fixes on sho re  fix tures by the Captain of 
Kimbla, theodolite in te rsec tions of the plum e of sp ray  from  four of the explosions 
w ere obtained from  coastal s tations by su rveyors of the D epartm ent of the In te rio r. 
In case  of poor v isib ility , it was hoped to use a M ark I te llu ro m e te r  m aster set 
on the ship and two slave stations on shore, but because the ship had continually 
to be in motion while low ering the charges, no readings w ere obtained by this 
method.
Naval personnel w ere responsib le  for handling and firing  the 
explosives. T hree 300-lb  (135 kg.) standard  depth charges, two of them  arm ed 
with e lec trica l detonators, w ere  roped together and lowered to the bottom by
speci al m arine firing cable, which was then paid out as the ship steam ed off 
one to two m iles (1. 5-3 k m .) for safety before connecting and firing.
As tim ing is of p rim e im portance in an experim ent of this type, 
specia l precautions w ere taken. Greenwich Mean Tim e of each shot was determ ined 
by tape recording, on the ship, tim e signals from  the P. M. G. radio  tim e serv ice  
station VNG, together with a signal from  an aux iliary  coil on the b la s te r. Manual 
playback la te r allowed the tim e of this signal to  be in terpolated  between tim e 
signals to 0. 01 second. In addition, the shot instan t was b roadcast on a frequency 
of 4. 630 m egacycles per second, so that the field party  at W erombi could im pose 
a shot instant m ark through a spare  galvanom eter on to the reco rd . The ship was 
equipped with a 300-watt tra n sm itte r , and signals w ere received  as fa r as 500 km. 
distant. W arnings w ere b roadcast for about an hour before shot tim e, and a tim ing 
device on the ship controlled the firing  sequence. This device f ir s t  keyed the 
sh ip’s tra n sm itte r  in a p a tte rn  of "p ips” and then trig g e red  the 2, 000-volt b la s te r.
A continuous tone was tran sm itted , commencing the instan t the firing  c ircu it was 
energized. The record ing  and recognition of any p a rt of the b roadcast firing  
sequence by the field party  allowed the shot instan t to  be determ ined on the reco rd s  
of the spreads.
A tape record ing  of the ship’s b ro ad casts , station clock b reaks, 
and radio tim e signals was a lso  made at W erombi, as a check on the functioning 
of th is method. Experience has shown that fu rth e r safeguards a re  advisable.
F irs t, the shot sequence tim e r should key the sh ip 's  tra n sm itte r  in a pa tte rn  of 
"pips" a t a fixed tim e in te rva l a fte r the shot instant, so that recording of th is 
pa tte rn  at a seism ic  station would allow shot instan t to be scaled. Second, the 
tape reco rd e r on the ship should reco rd  the tran sm itted  sequence along with the 
b la s te r  pulse and radio tim e signals, so that a check on the function of the tim e r 
is  available. Finally, a tra n sce iv e r of a t le a s t 50 w atts to allow field pa rtie s  to  
communicate with the ship would be useful.
R esults
Recordings of the  explosions w ere obtained to 750 k m ., at Toolangi, 
but re liab le  P waves could only be d iscerned  to  450 km. (Bogong and Buchan).
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TABLE 5 - 2 .
T ravel tim es for " P M.
Station Shot Distance
(km)
T ravel 
Tim e 
(sec )
P hase Residual 
(O -  C)
Equa­
tion
Notes
Riverview 5 22. 70 5. 0 iP -0. 3 1
Riverview 1 44. 98 8. 6 iP -0. 1 1
Riverview 2 65. 72 11.8 iP -0. 1 1
W erombi 5 77. 35 13. 6 iP -0. 1 1 A, 7. 08 k m / 
sec.
W erombi 1 98. 15 17. 1 eiP +0. 2 1 A, 7. 10 k m / 
sec.
W erombi 3 101. 73 17. 2 eP -0 .2 1
Inveralochy 4 106. 91 18. 3 i +0. 1 1
Riverview 3 112.83 19. 1 e 0 1
Inveralochy 3 114.72 19.4 iP 0 1
Werombi 2 116.73 19. 7 i 0 1
J  enolan 5 127. 92 21. 5 i +0. 1 1
Werombi 4 136. 16 22. 8 eP +0. 1 1 A, 5. 81 k m / 
sec.
Jenolan 3 137. 80 23. 0 iP +0. 1 1
Jenolan 1 143. 72 23. 7 e -0. 1 1
Riverview 4 151. 21 25. 1 eP +0. 1 1
Dalton 4 156. 93 25. 9 eP 0 1
Jenolan 2 159. 03 26. 0 i -0 .2 1
Jenolan 4 165. 17 27.3 e +0.2 1
Canberra 4 166.23 27. 5 iP +0.2 1
C anberra 3 182. 89 29.7 iP -0 .2 1 B
Inveralochy 5 203.45 31. 6 i -0 .4 2
Wambrook 4 208. 94 33. 6 i -0 .2 1 B
Dalton 5 227.41 36.4 eP -0. 3 1 B
Inveralochy 1 231. 00 35. 3 eP -0 .4 2
C abram urra 4 231. 27 36. 1 iP +0.4 2
Jindabyne 4 246. 05 37.8 e? +0. 1 2
Dalton 2 271.23 41. 1 e +0. 1 2
Canberra 5 275. 90 41 1 e -0. 5 2
Geehi 4 276. 00 42.2 e? +0. 6 2
Jindabyne 3 276. 25 42.2 eP +0. 5 2
Canberra 1 303. 11 45. 1 eP -0. 1 2
Geehi 3 304. 11 45.4 e +0. 1 2
Wambrook 5 348. 90 51. 3 i? +0. 1 2
Buchan 4 351. 77 51. 5 e? -0. 1 2
Station Shot D istance
(km)
Bogong 4 372. 08
Wambrook 1 378. 08
C abram urra 1 385. 03
Buchan 3 385. 96
Jindabyne 5 386. 99
Bogong 3 399. 57
Geehi 5 411. 04
Jindabyne 2 437.75
T ravel 
Tim e 
(sec )
Phase R esidual 
(O -C )
Equa­
tion
56.8 eP +2. 5 2
57. 2 e? +2. 1 2
62. 8 e +6.8 2
55. 6 eP -0. 5 2
56. 3 iP 0 2
57. 6 eP -0. 3 2
59.8 eP +0.4 2
62. 9 iP - 0. 1 2
Notes
Notes:
(A) A pparent velocity  m easurem ent.
(B) A rriv al a fte r expected tim e for P , included in  Equation (5-1) .
(C) Not used in derivation  of Equation (5-2).
o 
o 
o
97
•
6 5 KM/SEC
-75 KM7 SEC
FIRST ARRIVALS
LARGE SECONDARY ARRIVALS
OTHER SECONDARY ARRIVALS
KILOMETRES
Fig. 5-2. Reduced travel tim es of P phases.
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D istances w ere calculated on the IBM 1620 at the A ustralian  National U niversity, 
and a re  l is te d  in Tables 5-2 and 5-3 with phases, tra v e l tim es, in terpreta tions 
and res id u als  from  le a s t-sq u a re s  analysis.
1. Longitudinal Waves
(a) Longitudinal Waves in the Sydney Basin: P . The shot points ands
stations out to  W erombi a re  within the  Sydney Basin. This basin  contains up to 18, 000 
ft (5, 500 m .) of P erm ian  and T ria s s ic  sedim ents, which lie uncom form ably on 
Middle Palaeozoic rocks, and a re  intruded by basic  s ills  and plugs (Tectonic Map 
Committee, 1962). Robertson (1958) determ ined  velocities within the basin  as 
increasing  rap id ly  with depth from  4 k m /s e c  a t sea  level to 4. 88 k m /s e c  at 4, 000 
ft (1, 200 m .) and increasing  slowly th e rea fte r . In the p resen t work, the c losest 
observation was a t Riverview (23 k m .), but the quality of this reading is not high 
and P may have been read  late. This and a secondary a rr iv a l a t Riverview from  
another shot give a velocity of 4. 5 k m / sec, when a le a s t-sq u a re s  s tra igh t line 
is fitted to  them  through the origin, but the velocity m ost rep resen ta tive  of the 
sedim ents is  probably h igher than th is . F or the in te rp re ta tion , a velocity of 
4. 9 k m / sec has been adopted.
(b) Longitudinal Waves with A pparent Velocity near 8. 5 k m /se c : P .z
In Fig. 5-2, f i r s t  a rr iv a ls  between 25 and 230 km have reduced trav e l tim es of 
1 to  2 seconds, and a le a s t-sq u a re s  an a ly sis  for a lin ea r equation gives
T « 1 .8 - 0.024 + A / 6. 52 - 0. 036
n « 22, cr -  0. 154 (5-1)
In this and subsequent equations, T is tim e in seconds, A. is  d istance in k ilo­
m etres, n is  the num ber of observations used in the analysis and cr is the standard  
deviation of a single observation. The ranges specified  a re  standard  e r ro rs .
Weights have been allotted to  readings, in that an iP  has unit weight, eP has 
weight 0. 8, and a few very em ergent phases have weight 0. 5 only. The th ree  
observations at the g re a te s t d istances, between 180 and 230 k m ., a rriv ed  a f te r  
the expected tim e of P^ , but no a rriv a ls  could be d iscerned  on the tra c e s , despite
99
special search , at the P^ tim e. L east-sq u a re s  analysis was used to fit separa te  
lines to the f ir s t  19 and to the la s t 3 observations but no significant difference 
in p a ram ete rs  was revealed  by s ta tis tic a l testing , and all 22 observations have 
been used in deriving equation (5-1). R esiduals from  the equation show a sy s te ­
m atic trend, and a b e tte r fitting tra v e l- tim e  curve would be concave downwards 
in F igure 5-2. Such a curve may imply an in c rease  of velocity with depth. But 
p a rt of the sca tte r in res id u als  would also  be due to  horizontal velocity varia tions, 
as each observation is  of a wave travelling  a d ifferent ray  path, and m ore than 
250 km north to south is spanned by the observations. These two sources of sca tte r  
cannot be separa ted  with the p resen t configuration, and the s tra ig h t line (5-1) 
is taken as a f ir s t  approxim ation.
Apparent ve locities at W erombi a re  available for Shots 1, 4 and 5, 
and a re  listed  in Table 5-2 and indicated by sh o rt b a rs  through the data points in 
Figure 5-2. The values a re  sca tte red  and probably show effects both of basin  
s tru c tu re  and of a varia tion  of apparent velocity with azim uth.
(c) Longitudinal Waves in the M antle: P^ . The am plitudes of P^
a rr iv a ls  seem  to vary  considerably  with distance. For exam ple, P should be
the f ir s t  a rr iv a l beyond about 150 km. However, the c losest P^ read, at In v era -
lochy at a distance of 203 km from  Shot 5 has only about one-tenth of the tra c e
amplitude of a rr iv a ls  in the next second, the la rg e s t of which a re  at about the
expected tim e for P . Although at C anberra from  Shot 3, at 182 km, the P z z
a rr iv a l has am plitude of 1 m m  on the tra c e  and one-tenth of th is  could certain ly  
have been seen in the second before th is , no movement could be d iscerned at the 
expected P^ tim e. S im ilarly , between 350 and 385 km, " f irs t  a rr iv a ls "  a re  
certain ly  too late  to be P^ and no m ovem ents could be seen at the expected P^ 
tim e. There a re  13 readings between these  two low -am plitude ranges, while 
beyond 385 km, 5 m ore a r r iv a ls  have readable am plitude. Taking all 18 readings, 
leas t-sq u a res  analysis gives
T = 5.2 - 0. 026 + 4 / 7 . 5 8  -0 .0 1 7
n = 18, c r = 0 .  309 (5-2)
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S tatistica l te s ts  showed that the om ission of the la s t 5 readings made no s ig ­
nificant a lte ra tio n  in th is equation.
The residuals from  equation (5-2) may be analysed into 
contributions from  shots and stations. None of the station mean residuals  can 
be said  to  be significantly different from  zero , or from  any other, apparently 
because of the sm all num ber in each sam ple, but when plotted on the map Fig. 5-1, 
a suggestive patte rn  em erges. Station res id u a ls  a re  positive in the Snowy 
Mountains, negative to the northeast and negative in the south. In Chapter 8, 
re siduals  from  te le se ism s at some of the stations a re  derived, and they tend 
to show the sam e pattern . No such p a tte rn  is  v isib le  for the residuals  from  
equation (5-1) so that the cause cannot be s tru c tu re  local to the shots and 
stations.
(d) Longitudinal Waves with A pparent V elocity  near 6 k m /s e c  : P .
A c lu ste r of a rr iv a ls  a t about 380 km with reduced tra v e l tim es of ju s t under 
4 sec. is prom inent in Figure 5-2. Indeed, a t C ab ram urra  from  Shot 1, no 
certa in  movement could be seen before th is tim e. I t is  difficult to see much 
s im ila rity  between the waveform s of various a rr iv a ls  in th is c lu ste r, but the 
record ing  instrum ents w ere of differing types and the ch arac te r of the waves may 
have been obscured. But beyond about 400 km, reco rd s  show only sm all and 
ir re g u la r  movements a t th is  tim e, and such a sharp  change in amplitude may 
indicate a concentration of energy at a cusp in the tra v e l- tim e  curve at about 
380 km. In th is case, it should be possib le to tra c e  back to sh o rte r distances an 
alignm ent of secondary a r r iv a ls , but the only possib ility  seem s to  be through a 
few a rr iv a ls  between 230 and 280 km, and f ir s t  a r r iv a ls  a t le ss  than 100 km. By 
eye, and considering only the c lo sest station  that recorded  th is phase as a f ir s t  
a rr iv a l, a velocity of 6.25 k m / sec and in te rcep t of 1* 3 sec. would be indicated.
If the phase is considered to  be a f ir s t  a r r iv a l at sev e ra l of the c losest stations 
then the velocity would be ju s t less  than 6. 0 k m / sec and the in tercep t 1. 2 sec. 
Although the sporadic occurrence  of the a rr iv a ls  defining the P line, and the 
uncertainty of the velocity derived, may bring  the rea lity  of th is  phase into doubt,
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Fig. 5-3. Reduced trav e l tim es of S phases.
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yet i t  w ill be seen la te r  that these c h a rac te ris tic s  a re  na tu ra l consequences of 
the models proposed for the struc tu re ,
2. T ran sv e rse  Waves
(a) T ran sv e rse  Waves in the Sydney Basin: . An a rr iv a l read  at
Riverview from  Shot 5 had a trav e l tim e of 8 .1  sec, fo r a d istance of 22. 70 km; 
the average velocity within th is p a rt of the Sydney B asin cannot th e re fo re  be m ore 
than 2. 8 k m / sec. Although this would give a reasonab le  P o isso n ’s ra tio  of 0. 25 
with the adopted velocity of 4, 9 k m / sec fo r P g , g rea t re liance  cannot be placed 
on e ither velocity.
(b) T ran sv e rse  Waves with A pparent Velocity n ear 3. 5 k m /s e c : S .
Lu
During the reading of the reco rd s, a num ber of phases w ere identified as "S" 
on the basis  of th e ir  "ch a ra c te r”. That is  to say, m ovem ents with b e tte r phase 
and amplitude coherence for two or th ree  cycles than the preceding agitation would 
be picked as "S", especially  if a slight reduction in period, with o r without an 
in c rease  in amplitude, was observed. These a re  distinguished by a specia l symbol 
in Figure 5-3. A large  in c rease  in am plitude e ither im pulsively o r over severa l 
cycles, particu la rly  with considerable duration and with phase incoherence, would 
be picked as "L" , o ther m ovements would be picked without identification. Some 
of the "S" readings fa ll  along a line in  Figure 5-3 corresponding to a velocity of 
about 3 -1 /2  k m /s e c  and taking these together with som e other a rr iv a ls , the 
linear le as t-sq u a res  re la tion  is
T » 1.82 -  0. 060 + A /3 .  66 -  0, 020 
n * 41, cr s  1 .2  (5-3)
However, beyond about 350 km , the sca tte r  of readings is very  large, and it 
becom es a m atter of choice which of sev e ra l identifications is  appropriate . 
Furtherm ore^ a special effect is apparent n ea r 380 km which is d iscussed  below. 
Ignoring a rriv a ls  beyond 350 km, analysis yields
T = 3. 17 - 0. 029 + A / 3. 78 -  0,005 
n * 31, cr « 0 .9 (5-4)
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TABLE 5 - 3  
T ravel tim es for nS".
Station Shot Distance
(km)
T ravel 
Tim e 
(sec )
P hase Residual 
(O -  C)
Equa- Notes
tion
Riverview 5 22.70 8. 1 e - 1.1 4
Riverview 1 44. 98 13. 7 eS -1 .4 4
Riverview 2 65.72 20. 7 i +0.2 4 —  A pparent ve l-
W erombi 5 77.35 24. 1 eS +0. 5 4 ocity 3. 95 km
/ s e c .
W erombi 1 98. 15 29. 9 eS +0.8 4 — Apparent ve l­
ocity 4. 18 km 
/s e c .
W erombi 3 101. 73 29.4 iS -0 .7 4
Riverview 3 112.83 33. 2 eL -0 .2 4
Inveralochy 3 114.72 33. 0 eL -0. 5 4
W erombi 2 116.73 34. 6 iL +0. 6 4
Jenolan 5 127. 92 37. 0 iS 0 4
W erombi 4 136. 16 38. 9 eL -0. 3 4
Jenolan 3 137.80 41. 7 eL +2. 1 4
Jenolan 1 143. 72 41. 8 eS +0. 6 4
Riverview 4 151.21 43. 5 iL +0.4 4
Dalton 4 156. 93 43. 9 eS -0 .7 6
Dalton 4 156. 93 45.2 iL +0. 6 4
Dalton 3 158.70 45. 6 iS +0. 5, +0. 3 4, 5
Jenolan 2 159. 03 44. 8 iS -0, 6, -0. 8 5, 6
Jenolan 4 165. 17 46. 8 e 0 4
C anberra 4 166. 23 46. 5 e - 0. 1, - 0. 1 5, 6
C anberra 3 182.89 48. 5 eS - 1. 0 5
C anberra 3 182.89 49. 9 e -0 .2 6
C anberra 3 182.89 51. 5 i 0 4
Inveralochy 5 203.45 57. 8 i(S) +0.8 4
Wa mb rook 4 208. 94 54. 5 eL +0.4 5
Wambrook 4 208. 94 56.7 i +1. 0 6
Wambrook 4 208. 94 58.4 iL 0 4
C abram urra 4 231. 27 60. 6 e(S) +2. 6, +0. 1 5, 6
C abram urra 4 231. 27 63. 8 iL -0. 6 4
Jindabyne 4 246. 05 60. 9 i(S) +0. 4 5
Jindabyne 4 246. 05 65. 9 iL -2. 3 4
Inveralochy 2 251. 92 69. 7 i - 0 . 1 4
C abram urra 3 255. 48 60. 5 i -1 .7 5
C abram urra 3 255.48 65. 6 i(S) 0 6
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Station Shot D istance T ra v e l P h a se  R esidua l E qua- N otes
(km) T im e ( O - C ) tion
(sec )
C a b ra m u rra 3 255. 48 69. 6 iL -1 .1 4
D alton 2 271.23 73. 5 i -1 .4 4
C an b erra 5 275. 90 70. 7 i(S) +0.7 6
C an b erra 5 275. 90 76. 2 eL +0. 1 4
Geehi 4 276. 00 76. 9 e(L) +0., 7 4
Jindabyne 3 276. 25 65.8 i 0 5
Jindabyne 3 276. 25 76. 3 i +0. 1 4
C anberra 1 303. 11 83. 2 eS -0. 1 4
C anberra 2 323. 79 88. 3 eS -0. 5 4
W am brook 5 348. 90 78. 3 iS -0 .2 5
W am brook 5 348.90 97 iL +1. 6 4
Buchan 4 351.77 86. 5 i +0. 3 6
Buchan 4 351. 77 96.7 eL -1. 3 3
Bogong 4 372.08 103. 8 eL +0. 3 3
W am brook 1 378.08 105. 6 iL +0.4 3
C ab ram u rra 1 385. 03 109. 0 eL +2. 0 3
Buchan 3 385. 96 92.7 i(Sn) -0. 5 6
Buchan 3 385. 96 108. 3 i(Lg) +1. 0 3
Jindabyne 5 386. 99 109 iL +1.4 3
Bogong 3 399. 57 112. 5 e +1. 5 3
Geehi 5 411. 04 115. 0 e(S) +0. 8 3
Geehi 2 460. 95 128. 8 e(L) + 1 .0 3
Buchan 1 531. 44 148. 2 eL +1. 1 3
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and th is is  the p re fe rre d  equation. R esiduals from  Equation (5-4) a re  listed  in 
Table 5-3 , and from  th is presentation, and also  from  Figure 5-3, it  can be seen 
that th e re  will be system atic  departu res from  any single s tra ig h t line that might 
be fitted. Much of th is may be due to the difficulty of reading and identifying S 
p roperly  and to  the in terference of the phase a rriv in g  a few seconds e a r lie r  
beyond about 150 km. Apparent velocities of two S a rr iv a ls  observed by the 
W erombi spread  a re  both about 10% higher than Equation (5-4) p red ic ts .
(c) T ran sv e rse  Waves in the M antle: S . A rriv a ls  that could be'  __________________________________ n
m antle sh ear waves w ere seen on a num ber of reco rd s  in the d istance range 150
to 400 km, and these a re  rep resen ted  in F igure 5-3 by the points with reduced
tra v e l tim es of less than 5 seconds. The sc a tte r  is too large  fo r a meaningful
le as t-sq u a res  line to be f itted  through them  all, but an analysis was attem pted
for the e a r lie s t a rr iv a ls , which included an iS picked on a ll th ree  components at
Wambrook. However, the equation that re su lts  is
T -  17 + A / 5. 7 (5-5)
which is extrem ely unlikely, both com pared to the supposedly equivalent P^ 
equation, equation (5-2), and com pared to previous work (Cleary and Doyle, 1962, 
p. 600). Analysing the late a rr iv a ls  in the group, which includes an iS^ picked 
on the ve rtica l reco rd  at Buchan, yields
T « 11 + A / 4 . 7 (5-6)
This equation, although identical with C leary and Doyle’s (1962) equation for 
from  the Robertson earthquake, does not support the P ^  equation derived above 
(equation(5-2)). To do so, both a sm alle r in tercep t tim e  and a lower velocity 
would be needed. N either equation(5-5) nor equation (5-6) is thought to rep resen t 
the trav e l tim e of m antle sh ea r waves accurately , and fu rth er work is  needed.
3. Oth e r Phases
A curious alignm ent is  evident in Figure 5-3 w here at about 380 km 
a rriv a ls  with reduced trav e l tim es of 10 to  13 sec. may be the counterpart of the 
c lu s te r of P a rr iv a ls  previously d iscussed . It is  because of th is  possib ility  that
1 0 ^
®  ®  ®
Fig. 5-4. Reverse travel time plot. Equations 1, 2, 7 and 8 of the 
text and the P equation of Doyle et al (1959) are repre­
sented by lines from the appropriate axes, accentuated 
in the first arrival segment. The short crossbars are 
reverse times from separate least-squares analyses of 
the arrivals from each shot. The dashed line represents 
Equn. 5-7.
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they have been excluded from  the data used to derive equation (5-4).
A distinctive phase in the coda of a num ber of the reco rd s, 
especially  from  stations in the Sydney basin , has large am plitude for one o r two 
cycles. The period, slightly m ore than one second, is d istinctly  longer than 
the usual waves in the coda. The velocity of the maximum of th is  phase is  about 
1. 7 k m / sec, and it may be the sam e as that described  by Bolt (1962, p. 299) 
as a rriv in g  a t R iverview  from  quarry  b la s ts  a t P rospect.
In te rp re ta tio n
The coefficients in equation (5-1) w ere quite unexpected. M ore 
usual equations in sou theastern  A ustra lia  fo r c ru s ta l P wave a rr iv a ls  have sm all 
or insignificant in te rcep t tim es and velocities a little  g re a te r  than 6 k m / sec.
(Doyle et a l. , 1959; Cooney, 1962). Beneath the Sydney basin  Bolt (1962) found 
a velocity of 5. 88 k m /s e c  but C leary (1963) has re - re a d  these  data and a fte r 
applying station  co rrections has deduced a velocity of 6. 08 k m / sec. S im ilarly , 
both in te rcep t and velocity fo r P^ in equation (5-2),a re  very  low; e a r lie r  o b se r­
vations gave in te rcep ts  of about 8 seconds and velocities of 8 .1  k m /s e c . (Doyle 
et a l. , 1959; C leary  and Doyle, 1962).
A fo rm al solution fo r horizon tal layering using the adopted P s
velocity and equations (5-1) and (5-2) can be made. The re su lt is  Model A in 
Table 5-4, w here the upperm ost layer with velocity 4. 9 k m / sec is 6. 5 km  thick, 
and the 6. 5 k m /s e c  m ate ria ls  is  18. 8 km thick. If the base of this is taken as
j  t  -f-
the M ohorovicic D iscontinuity (M), the th ickness of the c ru s t would be 24 -  1 km«1 
and the m antle velocity 7. 58 - 0. 017 k m /se c .
Four p rincipal objections may be ra ised  to  such a sim ple in te r ­
pretation. F irs t , the low-velocity sedim ents do not underlie the whole of the a rea , 
so tha t some la te ra l change in the velocity of the upper layer m ust be allowed. 
Secondly, the sedim ents a re  too thick; the  Geological Notes for the Tectonic Map 
of A ustra lia  (p. 53) give a th ickness of 18, 000 ft (about 5. 5 k m ), and R obertson 
(1958) observed a possib le unconform ity a t 15, 000 ft (about 4. 6 km) n ear the 
cen tre  of the basin. Third, both the 6. 5 k m /s e c  and the 7. 6 k m /s e c  velocities 
a re  in m arked co n tra s t to the values derived  from  previous studies in the vicinity.
1 0 3
Finally, the depth to M previously  determ ined under the Snowy Mountains is 
considerably g re a te r  than that given by the p resen t model under Sydney, so that 
M m ust dip to the southwest. In th is case, the 7. 58 k m /s e c  velocity is  a down- 
dip apparent velocity.
A combination of the p resen t observations with the 1957 re su lts
(Doyle et a l. , 1959) allows the dips of in te rfaces, and actual velocities of re fra c to rs
to be calculated. The re v e rse  trav e l tim e profile  of Figure 5-4 is compiled from
all inform ation. For a descrip tion  of the p ro p e rtie s  of re v e rse  profiles, exam ples
£
of th e ir  use, and the theory  of the calculations, see  Ewing, W oolard and Vine
A
(1939) and Mota (1954). S tric t rec ip roc ity  has not been obtained, but overlapping 
paths in opposite d irections w ere observed and useful inform ation can be extracted . 
The trav e l tim es to Eaglehawk from  each depth-charge shot have been determ ined 
by le as t-sq u a re s  analysis of the P^ a rr iv a ls  from  each shot. These would be the 
sam e tim es as observed a t each shot point from  an Eaglehawk b last, and these  
" re v e rse  poin ts" have been m arked on Figure 5-4 as short c ro s s -b a rs .
A line through them  p asses  c lose  to the points plotted to indicate 
" f irs t"  a rr iv a ls  at W arragam ba from  Eaglehawk; it is probable that the preceding 
was too sm all to  be seen and tha t the f ir s t  detectable energy was re frac ted  
from  the in term edia te  layer. L e ast-sq u a re s  analysis  indicated that an in te r ­
m ediate re frac tio n  should precede the a rr iv a l from  Eaglehawk a t Inveralochy by 
nearly  one second. But the a rr iv a l read  was im pulsive, m ore than 4 mm in 
am plitude on the tra c e , and within 5 m inutes of a rad io  tim e signal. Two experienc­
ed observ ers , re -read in g  the reco rd , agreed  that the phase was read  co rrec tly  
and no preceding phase was visib le, So the analysis was modified by constraining 
the le a s t-sq u a re s  line (dashed in  Fig. 5-4) to pass through the Inveralochy reading. 
The resulting  equation is
T » 2. 9 + A / 6 .  67 (5-7)
This would not be a f ir s t  a r r iv a l a t any distance, shooting north . Hales and Sacks 
(1959) have em phasized the danger of in term edia te  lay ers  being m asked in this
m anner.
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The inform ation now available for the rev ersing  solution is equations 
(5-1) and (5-7), and for the m antle equation (5-2) and its  re v e rsa l, from  Doyle 
et al. (1959, p. 226) :
T = 8 .2  + A  / 8 .3  (5-8)
Taking note th a t the velocity under the depth charge shots is 4. 9 k m /s e c  but 
under the Snowy Mountains it is  6.04 k m /s e c , the theory  developed in Appendix 
A to th is chapter yields the solution tabulated as Model B in Table 5-4A.
By using the equation
T = 7 .8  + A  / 7 . 96 (5-9)
observed by Doyle et al. (1959) to the southwest of Eaglehawk quarry  in con­
junction with equation (5-8) above, to form  a 'bp lit sp read ”, slightly m ore detail 
may be obtained about the deep s tru c tu re  under the Snowy Mountains. P a r t  (B) 
of Table 5-4 lis ts  th is . The shallow s tru c tu re  is assum ed from  the preceding 
re v e rsa l calculation.
T r ia l calculations show that a change of dip a t the top of the in te r - 
m ediate layer causes about an equal change in the dip of M; that a change in the 
in term ediate  velocity a lte rs  the m antle velocity by about the sam e amount; but 
that the depth to M is  not much a lte red  by any varia tion  in the assum ptions.
This inform ation is assem bled  into the generalized section shown in 
F igure 5-5. A no tab le  featu re  of Model B is  the p resence  of an in term ediate  la y e r , 
not previously observed in sou theastern  A ustra lia . This confirm s C leary’s (1963) 
recognition of a "P " phase a t Snowy Mountains stations from  Dalton-Gunning 
earthquakes. The low -velocity sedim ent of the Sydney Basin re s ts  d irec tly  on 
in term ediate  velocity m a te ria l and, as in  Model A, the bottom  of the basin  is 
deeper than would be expected from  geological and reflection seism ic work. A 
"wedge" of m a te ria l apparently  continuous with the 6. 04 k m / sec m ateria l,can  
be seen to underlie  p a rt of the basin, and refrac tions from  the top of th is  "wedge" 
w ere considered to be the m ost likely explanation of the P^ phase d iscussed  above. 
Such a "wedge" was th e re fo re  incorpora ted  into Models C and D (Table 5-4).
T heir increased  com plication requ ired  additional inform ation, a s  follows.
1 i  1
TABLE 5 - 4 .  
Seismic Models
P a ram e te r Model
A B C D
Sydney Snowy Sydney Snowy Sydney Snowy
Mts. Mts. Mts.
(A) R eversa l Method 
Velocity of f i r s t  layer 4. 9 4. 9 6. 04 4. 9 6. 04 4. 9 6. 04
Thickness of f ir s t  layer 6. 5 8. 8 14. 2 5. 5 5. 0
Dip of base  of f ir s t  layer 0 1. 1° down SW 0 0_
Velocity of second layer 6. 04 6. 04
Thickness of second layer 1.1 21.2 3. 0 21. 1
Depth to base  of second layer 6 .6  21.2 8.0  21.1
Dip of base of second layer 2. 2 down SW 2.1  down SW
Velocity of "Interm ediate layer" 
Thickness of ’In te rm ed ia te
6. 52 6. 57 6. 52 6. 52
layer" 18. 8 15.3 26.2 18.0 20.5 16. 7 20. 9
Dip of base of "Interm ediate
layer" 0 2. 9 down SW 3. 8 down SW 3.9  down SW
Depth to M 24. 0 24.0  40 .4 24. 6 41. 8 24. 8 43. 0
Velocity below M 7.49 7. 83 7.86 7. 86
B C D
Snowy Mts. Snowy Mts. Snowy Mts,
(B) Split Spread 
Velocity of f ir s t  layer 6. 04 6. 01 6. 04
Thickness of f ir s t  layer 14 21. 2 21. 1
Dip of base of f ir s t  layer 1. 1° down SW 2. 2°down SW 2. l°downSW
Velocity of "Interm ediate layer"  
Thickness of "Interm ediate
6. 57 6. 52 6. 52
layer"
Dip of M
27
1. 6° down SW
18
1. 2°down SW
19
1. 2°downSW
Velocity below M 8. 12 8. 12 8. 12
Depth to M 41 39. 5 40
l. Velocities in k m / sec.
2, Values assum ed or c a rr ie d  forw ard from  the f ir s t  p a rt of the calculation 
a re  underlined.
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Velocity of the ’’wedge” m a te ria l was taken as 6. 04 k m / sec for convenience 
of calculation, but th is value is confirm ed by the study (C leary, 1963, p. 31 
et s e q .) of q uarry  b la sts  in the Sydney a rea , and is not inconsistent with the P 
velocity indicated by the p resen t re su lts . The basin  m a te ria ls  w ere taken to 
have 4. 9 k m /s e c  velocity, as before. A fter t r ia l  calculations, it was decided to 
take the dip of the base of the sedim ents as zero , as th is  variab le  has very  little  
effect on the final values, but in c rease s  the labour of computation very  much.
The depth of the basin  beneath the shot points and the re levan t stations has been 
taken as 5. 5 km in Model C and 5. 0 km  in Model D. This covers the range 
indicated by the in tercep ts of the P phase, and both a re  consisten t with the 
geologically m easured  depth quoted in the Geological Notes for the Tectonic Map 
of A ustralia.
By the method explained in Appendix B of th is  chapter, the 
effect of the Sydney basin  was rem oved from  the data. L east-sq u ares  analyses 
and standard  th re e - la y e r  in terp re ta tions w ere c a rrie d  out for each model, and 
the upper c ru s t inform ation used in recom putation of the sp lit sp read  data in the 
Snowy Mountains region (Fig. 5-6).
Com parison of Models C and D shows that they a re  very  
s im ila r  in a ll but one respec t. W hereas the th ickness of the ’’wedge" is 1.1 km 
when 5. 5 km basin  depth is assum ed, the value for 5. 0 km basin  depth is 3. 0 km, 
so that the th ickness is very  sensitive  to the depth assum ption. For zero  th ick ­
ness, a depth of about 5. 8 km would have to be assum ed. If th inner than about 
1 km, the 6. 04 k m / sec m ate ria l would be a poor re fra c to r, and the spasm odic 
appearance of the a rr iv a ls  would be a n a tu ra l consequence.
D iscussion
In the sections, F igures 5-5 and 5-6, the s tru c tu re  has been 
extrapolated to  the northeast w here the oceanic s tru c tu re  is  taken from  O fficer’s 
(1955) surface-w ave studies and the g ravity  in te rp re ta tion  of Dooley which was 
p resen ted  at the ANZAAS Congress in Sydney in 1962. The velocities in b rackets 
a re  typical oceanic values.
1 i  1
The s tru c tu re  under the Sydney basin  approxim ates to the
"Sub-oceanic" type of Kosm inskaya (1965a), which " is a . . .  type of c ru s t in
the deep basins of the continental b o rder seas and inland seas, . . .  consisting
of a thick sed im en tary  layer and a layer of about the sam e th ick n ess  with velocity
6. 5-7 k m /s e c . This c ru s ta l type has been detected in the Black Sea, the Caspian
Sea, the Japan Sea, the Okhotsk Sea, the Bering Sea and the Caribbean Sea. "
(Kosminskaya, T ran s . Hope, 1965b). The type of sedim ent in the Sydney
basin, however, is  m ainly "continental" with clean sandstones and conglom erates,
often c ross bedded and channeled, with plant fo ssils , and coal m easu res. The
m arine tra n sg re ss io n s  seem  not to indicate deep w ater conditions. These a re
not the sedim ents to  be expected in sm all ocean basins (Menard, 1967), but
what is seen onshore may be head-of-em baym ent facies which grade into th ick e r
2 .
m arine sedim ents in the offshore p a rt of basin. There a re  in teresting  s im ila r -
A
itie s  between the Sydney basin  and the Gippsland basin  d iscussed  in the next 
chapter.
A ssum ing the velocity -density  relationship  of Talwani, Sutton 
and W orzel (1959), and assum ing that the m antle density does not vary with depth 
below M, the grav ity  observations reported  by Dooley and by M arshall and N arain  
(1954) can be combined with gravity values calculated  from  the se ism ic  sections. 
E xpressed in te rm s  of a "balancing level" above which the m asses of columns a re  
equal, and below which the m antle is la te ra lly  homogeneous, the Sydney and Snowy 
Mountains columns balance at 272, 300 and 234 km below sea -lev e l for m odels 
B, C and D respective ly . The last of these  values is  close to  the 200 km m en­
tioned by C lark and Ringwood (1964) for a depth of com pensation. It is  worth 
noting, however, th a t the columns of a ll models a re  light in com parison with the 
standard  sections of Thompson and Talwani (1964); the Sydney column balances 
the standard  colum n a t 35-55 km depending on the model, while the Snowy M ountains 
column w ill not balance the standard  at any depth.
The upper m antle velocity may be lower beneath the edge of the 
continent than e ith e r inland or under the oceanic c ru st. This effect has been noted 
before (Dehlinger, Chiburis and Collver, 1965; Steinhart, 1963) and as S teinhart
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rem arks may be a ra th e r general fea tu re  of the edge of continents.
Although the p resen t work is  ill adapted to a study of am plitudes, 
it may be an indication of irreg u la rity  of the m an tle -c ru st in terface  tha t P 
a rr iv a ls  a re  weak or absent in two d istance ranges. Such effects a re  d iscussed  
by Dix (1952, p. 266), and may indicate that M is le ss  smooth than has been 
drawn in the sections.
The effects of c ro ss  dips have been om itted from  the in te rp re ­
tation, although the section line runs obliquely ac ro ss  the ’'g ra in ” of the country.
In an analysis of the co rre la tio n  between azim uth of ray  path and trav e l tim e, no 
c lear relationship  was found. This fa ilu re  is due partly  to the m ajority  of azim uths 
being concentrated in one quadrant, and p artly  to the effects of Sydney B asin 
s tru c tu re  on the trav e l tim es.
The method of seism ic  study using offshore explosions and land 
recording is  an effective com prom ise betw een the "two boat" type of m arine 
seism ic survey and the "quarry  b last"  land study. Sm aller explosions can be used, 
the shot locations can be chosen, and inform ation is  rapidly gathered. But the full 
power of the method is not developed unless record ings a re  made at some shooting 
points when other shots a re  being fired . In the p resen t case, inland b lasts  a re  
needed for determ ining the s tru c tu re  west of the Dividing Range.
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APPENDIX 5A
1. Refraction with laterally varying velocity in the top layer.
Consider the two layer model sketched in Fig. 5A-1, which 
serves also to define the quantities in the derivation
T T + T + TA'B' s  A’A ACDB BB' (5A-1)
Expressing each of these in terms of structural and observed quantities 
z. „ z. + x sin 0.
AA’
V cosß oa 21 V cos ex ob 21
(5A-2)
ACDB sin ( i„ + 0„ - 0 ) + 2Z22 C°S *2L a L a _L
V. V.
(5A-3)
Apply Snells law at B
sin cr
sin (i2 + e2 - 0X )
and express AB in terms of x
substituting, simplifying and collecting
zHT = 1A’B1 ----- 008  (0,21  +  ß 21 > +  1
( 5 A - 4 )
AB « x cos 0 - z tan ß -  (z + x sin 0 ) tan a (5A-5)
J .  -L La X. _L JL La 1
cos ß e V / V , oa / ob
sin ( « 2 1  + 0i ) +
2 z22 C0S 1
the velocity observed at B’ would be given by
1 -  s i n ( ° 2 l  + 6 i )9 TA'B'
d X V2-
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The up dip case  follows by attention to  the sign convention. In 
the lim iting case w here V — , the expressions reduce to  those of Mota 
(1954). Extension to a g re a te r  num ber of lay ers  and to cases w here deeper 
lay ers  a lso  have la te ra lly  varying velocities is possib le  but is  not requ ired  for 
the p re sen t analysis.
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Fig. 5A-1. R efraction with a la terally  varying top layer.
shot
Fig. 5B-1. "Stripping” an overburden of low velocity.
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APPENDIX 5 B
1. "Stripping" an overburden of low velocity
F rom  sim plified calculation neglecting the reduced velocity under 
the stations, the angle of em ergence at the bottom  of the overburden (<x in 
Fig. 5B-1) is calculated. From  geology or otherw ise, the depth and velocity 
of overburden and the dip on its base beneath each station  is ascerta ined . T h e re ­
fore the ray  path BCD is located.
Now if the overburden was s tripped  off, and rep laced  by m a te ria l 
with the velocity Vq , the ray BC would not be re frac ted  at C and would tra v e l 
stra igh t on to  Db W riting the d istance and tim e to th is "v irtua l station"
A’ = Ap + h ( tan a  -  tan a  )
T* * Td  + h /  1 -  1 \
\ V cos a. V cos a  I o l oa
w here a  is  calcu lated  in the usual way from  a  and the dip at C, and h is the
u  JL
overburden depth at D.
In the case  of the Sydney basin  w here the 4. 9 k m /s e c  m a te ria l is 
"overburden" the co rrec tio n s  for M re frac tio n s  a re  -0. 015 h seconds and 
+0. 32 h km distance; while in term ediate  re frac tio n s  have co rrec tions of +0. 1 h 
seconds and + 1. 16 h km. Changes of dip of 2 or 3 degrees only change these  
values about 1%.
The depth of sedim ents below the B errim a  station was taken as 
2000 ft. from  the Sydney geological map (M cElroy, 1962). All other stations in 
the basin, and a ll the shots, w ere assum ed to  have 5 -1 /2  km of low velocity 
m ateria l, and in a check calculation 5 km.
A fter the co rrec tions have been applied, a fresh  leas t squares 
analysis has to  be perform ed, followed by in te rp re ta tio n  with la te ra lly  unvary­
ing layer form ulae. If necessary , a second ite ra tio n  could be c a rr ie d  out, but 
the changes in s tru c tu re  a re  usually sm all.
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CHAPTER 6
SEISMIC EXPERIMENT BUMP 
Introduction
The possibility of obtaining data to enable the structural picture 
described in the previous chapter to be extended to the south was in the w riters 
mind when he began to participate in the Bass Strait Upper Mantle Project.
In the present chapter the course of the experiment is narrated, results 
collected, and analysis of that part of the information which relates to eastern 
Victoria is made.
Narrative
In August, 1964, at a symposium on Crustal Seismology at 
Hobart, the idea for a co-operative seismic experiment in Bass Strait was 
first mooted, and the acronym BUMP, for Bass Upper Mantle Project, was 
coined (Green et ah , 1965). The newly formed Geophysics Group of the 
Australian Institute of Physics created a BUMP committee, with Mr. C.Kerr 
Grant as chairman (the writer was A. N. U. representative) on 7th June, 1965. 
Financial aid was sought, and the Nuffield Foundation contributed $4, 000, 
with lesser amounts from the Broken Hill Proprietary Limited, Esso Exploration, 
and Shell Co. Support from the Royal Australian Navy was requested and at 
a meeting in Canberra on 2nd September 1965, it was decided that surplus 
depth charges should be fired from HMAS Kimbla in Bass Strait in the latter 
half of February 1966. Due partly to the previous experience gained during 
the N. S. W. offshore project (Chapter 5) enthusi astic co-operation was forth­
coming from the Navy.
The original plan called for 6 shots, each of about 1 ton, to be 
detonated on the sea bed at equal intervals across eastern Bass Strait from 
Lakes Entrance to north-east Tasmania, and an equal number from north-west 
Tasmania to Cape Otway. Recorders were to be set up along the northern and
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Fig. 6-1. The BUMP experiment.
TABLE 6-1
1 2 2
NOMINAL FINAL
Tim e P osition Tim e Position
E. S. T. E. S. T.
E aste rn  Line
0 5. 2. 66 Cobbon C reek 5.2 . 66 148.62595 Snowy Mountains
17:15:00 q uarry ,Jindabyne 17:15:00. 3 -38.44249 A uthority G rid
1 5. 2. 66 148°00’30" 6 .2 .6 6 148°01f09M HI FIX
16:15:00 -38°10’00n 18:14:55. 2 5 -38°08 ’43"
2 6. 2. 66 147°54’30” 7 .2 .6 6 147°54'14M t r
06:15:00 -38°33T00” 11:14:58. 69 -38°32T58”
3 6 .2 .6 6 147°48’40” 7 .2 .66 147°49’37" t !
18:15:00 -39°00f00” 18:13:57. 9g -38°59,46”
4 7 .2 .6 6 147°43’30" 8 .2 .6 6 147°43’54n H orizontal
06:15:00 -39°26T00" 06:14:58. 2__ 75 -39°26’04’r Sextant
5 7 .2 .6 6 147°38T00” 8 .2 .6 6 147°37’21" M
18:15:00 -39°52100n 12:14:58. 0__ 57 -39°52,33"
6 8 .2 . 66 147°32’30" 8 .2 .6 6 147°31t35” IT
06:15:00 -40O20’30” 18:14:58. 5 ^ -40°23’46n
7 8 .2 .6 6 147°27’00,T 9. 2. 66 147°27’00" Gyro bearin g s,
18:15:00 -40°48’30" 06:14:58.3 o 1
-10°48’32" R adar ranges
W estern  Line
8 14. 2. 66 144°53’00" 17. 2. 66 144°50,58" H orizontal
06:15:00 -40°20T00" 09:14:56.4 -40°18’53” Sextant
10 15. 2.66 144°23T30,! 17 .2 .66 144°19,18” r ?
06:15:00 -39O52’00,, 20:15:00.9 -39°42T40n
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southern extensions of these two lines, and by combining times from northern 
and southern records of each shot, a series of depths to M beneath shot points 
was to be deduced. The writer pointed out that such a scheme was unsound, 
firstly because it did not attempt a tie with the known structure of the Snowy 
Mountains region, secondly because it required assumptions of negligible dip, 
and constant true velocity of the refractor, and thirdly because it required 
satisfactory and simultaneous performance from a number of recording stations. 
To minimise these difficulties, he suggested firstly, that the East line mainland 
stations should attempt to record a quarry blast from the Snowy Mountains 
area if a large event could be arranged, and secondly that an effort had to be 
made to record some of the shots from a seismic recording boat moored at one 
of the other shot points. To this latter end, Esso was approached with a request 
that their boat participate in the experiment, and although co-operation was 
promised if commercial operations permitted, in the event the boat was not in 
the area.
To the first point, the writer elaborated a plan for A. N. U. 
observations to be made of the most northern of the West line shots at sites 
in north-east Victoria, so as to have as near a reversal of the Eaglehawk blasts 
as practicable. The Snowy Mountains Hydro-Electric Authority was approached 
to see if an especially large blast could be detonated in the Cobbon Creek Quarry, 
5 km from the Jindabyne seismic recorder, during the BUMP operation* Due 
to the interest of Messrs Moye, Alexander and Jordan, and Dr. Timmel, all 
of the S. M. A ., the Contractors, Utah-Brown and Root, agreed to this request.
As finally matured the BUMP plan called for the Navy to 
shoot at the places and times shown in Table 6-1. Before each shot, an elaborate 
countdown was to be transmitted from the ship’s radio, and the actual shot instant 
was under the control of the same sequence timer as had been used in the N. S. W. 
blasts (Chapter 5) with the modification that a set of post-shot pips was also 
to be transmitted. Tape recording of the sequence, the radio transmission and 
chronometer and radio marks was intended, but the main recorder on the ship 
was a Kelvin and Hughes 4 channel Teledeltos paper recorder. This recorded
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chronom eter, sequence, b la s te r, and tra n sm itte r  pulses during shots; and 
chronom eter and rad io  signals before and a fte r each shot. The ship was to  be 
positioned with re sp ec t to HIFIX stations established on the mainland and islands.
Seism ic re c o rd e rs  w ere of th re e  m ain c lasses . F irs tly  the p e r ­
manent observato ries of the Tasm anian and A. N. U. netw orks, with Toolangi 
and Melbourne, w ere allowed to  run as usual, with no attem pt to  speed them  
up. E x tra  rad io  tim e m arks w ere im posed on the reco rd s, and specia l care  
in reco rd  changing and m aintenance was used. Secondly, W illm ore type 
re c o rd e rs  w ere deployed by sev e ra l institu tions at tem porary  s ite s. In th is 
c lass  can be included the modified Hales type re c o rd e rs  used by the A. N. U.
(Chapter 2). Such instrum ents usually run  at 100 to  200 m m /se c , use a 
W illm ore 1 second seism om eter, close coupled with little  or n o  attenuation 
to a 1 /4  second galvanom eter, and have velocity  m agnifications of about 
20, 000 m m /m m  sec \  Finally, a num ber of exploration se ts  w ere deployed.
These w ere generally  modified to  paper speeds of about 12 inches p e r  second, 
and w here possible, in -line  spreads of low frequency geophones w ere  deployed.
In th is  case m agnifications w ere governed by local noise, and usually 
above 100,000 m m /m m  sec *.
Each c lass  of re c o rd e r su ffers from  disadvantages. The fixed 
stations reco rd s  a re  a t ra th e r too slow a speed, while the second c lass  is 
usually difficult to  operate  reliab ly . Exploration se ts , even with the slow est 
p rac ticab le  paper speed and ex tra  la rg e  take up casse tte s , usually w ill run only 
for a minute o r two, and som e opera to rs  w ere forced to  take the risk  of delaying 
the s ta r t  of th e ir  re c o rd e rs  until a precalcu la ted  num ber of seconds a fte r they 
had heard  the shot instan t b roadcast. The shipboard party  found it im possible 
to  adhere to  the nom inal shot tim e  w ithin b e tte r than a minute. As a re su lt 
of th ese  various difficulties, only about 50% of possib le  record ings w ere 
useable (K err Grant, 1967).
In the actual experim ent, few of the V ictorian  E ast line stations 
attem pted to  reco rd  the S. M. A. quarry  b last. None succeeded in record ing
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from it, while only three of the A. N. U. stations to the north have what appear 
to be useable P . Shot 1 was lost overboard in a heavy swell, and could not 
be recovered. A second charge was therefore lowered and shot close to the 
nominal position, after a delay of about 24 hours. The other Eastern line 
shots were fired near the nominal positions, the last of them about 12 hours 
late. The Western line however, was delayed 3 days from its nominal commencing 
time, and only two positions No. 8 and 10, at the south end of the line, were shot 
before stormy weather terminated the experiment.
Table 6-1 gives the nominal positions and times, the finally 
adopted positions and times, and an indication of the positioning method used.
The times of shots 1 and 3, are different from those given in the widely 
circulated "Operation Bump Timing Report" by 0.1 and 1. 0 second respectively. 
Some numerical errors in the reductions were corrected, and independent 
rescalings by the writer, by Mr. D. Finlayson and by Dr. D. J. Sutton confirm 
the times quoted in Table 6-1, which therefore may be regarded as final.
Although the general location of each recording site was chosen 
beforehand, the final sites were chosen by the observers, often hurriedly, when 
they arrived in the field. Positions were marked on the best maps available, 
and later, air photos were ordered, positions pricked out, and final co-ordinates 
determined from these. This turned out to be a clumsy system, and a better 
would have been to select, and mark sites in advance, using air photos previously 
ordered. Elevations were determined from local bench marks by aneroid 
barometer, or read from maps. Calculation of distances has been done by the 
writer using the Mercator's program (Appendix 1), and reported to participants.
An attempt was made in June and July 1966 to find and destroy 
the charge lost overboard at shot point 1 during February. In the expectation 
that seismic recordings of this explosion would check the BUMP observations,
Mr. Laybutt of the Department of Geophysics was sent on the minesweeper 
assigned to the search to time the detonation, while A. N. U. and Melbourne 
University parties attempted observations on the mainland. The charge could 
n ot be found, however, and the Navy discontinued the search after one week.
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TABLE 6-2
Travel Times for BUMP 
A: Eastern Mainland Stations
Station Shot Delta
Km
Phase Arrival Time 
h:m:s
Travel
Time
sec.
Notes
Werombi 2 564. 11 e z 11:16:15. 0 75.7 May not be first
150.58027 E
33. 95029°S
Dalton 0 197. 33 e? 17:15:31.0 30.7
149. 18171 E 
34. 72280°S 4 538. 53 e? p 06:16:16.6 78.3 Small, unreliable
5 588. 33 i? 12:16:19.7 81.6
Inveralochv 0 189.07 ip t 17:15:31.2 30.9 Very sm all
1 4 9 .66701°E
3 4 .96501°S 1 382.48 e 1 18:15:49.2 54.0
2 427.77 e p 11:16:01.9 63.2
Canberra o 0 128.92 i p J 17:15:21.9 21.6 Probably P
148.99861 E
35. 32084°S 1 325.41 ep 18:15:45.2 50.0
2 371. 32 ep 11:15:52.8 54.1
3 420.93 ep 18:14:58.1 60.1
4 470.11 ip 06:16:04.6 66.2
5 519.93 ep 12:16:10.0 71.9
6 578.00 ep 18:16:18.0 79.5
7 624.10 e 06:16:29 90. (7)
Cä>ramurra 0 59. 55 iP., f 17:15:10.2 9 .9 P j, used to check
148.44307 E origin tim e of shot 0
35. 92667°S 1 249.08 ep j 18:15:35.2 40 .0
2 294.98 e 11:15:44.8 (46.1) Possible P
iP t 45.4 46.7 n
3 344. 99 ip 18:14:48.2 50.2
4 394. 34 ip 06:15:55. 5 57.2
5 444.22 ip 12:16:01.2 63.1
6 502. 55 ip 18:16:08.9 70.4
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Station Shot D elta P h ase A rriv a l T im e T ra v e l Notes
Km h:m :s T im e
sec .
C a b ra m u rra 10 554. 95 e 20:16:18. 6 77.7
W am brook 0 36. 08 ip f 17:15:06. 5 6 .2 P  , u sed  to  check
1 4 8 .88334°E 
36. 19277°S
1 229.88 ip i 18:15:32. 0 36.8 o rig in  tim e  of shot 0
2 275. 56 ep 11:15:40. 5 4 1 .8
3 324.81 ep 18:14:45.1 47 .1
4 373.81 e 06:15:52.0 53.7
5 423.51 ip { 12:15:57.7 59 .6
6 481.42 ep 18:16:05.2 66 .7
7 527.42 ep 06:16:12.2 73 .9
Jindabyne 0 2 .97 ip 1 17:15:00.8 P^ o b servation  used  to
1 4 8 .59278°E ca lcu la te  o rig in  tim e
36.44249 S
1 195.70 ip 18:15:27. 6 32 .4
cfshot 0
2 241.64 ip 11:15:36.2 37 .5 V ery  sm a ll
3 291. 35 ep 18:14:40. 7 42 .7
4 340. 60 ep 06:15:47. 0 48 .7
5 390.46 ep 12:15:53.1 55. 0 M inutely sm a ll
6 448.63 ip 18:16:00. 9 62 .4 M inutely sm a ll
7 494.80 ip 06:16:09. 0 70 .7 May not be  f i r s t
P5 CS 3 249. 90 18:14:36. 73 37 .75 Location is  cen tre  of
148.41028 E p ro sp ec tin g -ty p e
36. 79255 S
7 453. 58 16:16:04.14 65. 84
sp read , fro m  S. M. A. 
g rid
7P  12 L o ca tio n  is  c e n tre
148°15T54nE geophone (No. 12) of
37°01,06” S p ro sp ec tin g -ty p e  sp read
2 172.89 11:15:28.25 29. 55 Low energy
29. 06 30.36 S tro n g er
3 222.87 18:14:31.4 33 .4 V ery  low energy
32. 35 34 .35 H igher energy
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Station Shot D elta P hase  
Km
A rr iv a l T im e 
h :m :s
T ra v e l
T im e
sec .
Notes
7 P 1 2 . 4 272.23 06:15:38. 64 40. 34 F ir s t
5 322.11 12:15:45.1 4 7 .0 Low energy
45 .8 47 .7 M ore en e rg e tic
6 380.42 18:15:52.25 53. 75 F a ir ly  en e rg e tic
6 B lack  Mt. 0 66. 34 17:15:11. 6 11. 3 ? !
148°13,03”E 1 134.73 18:15:19. 0 23. 8
36°56 ,30"S
8 AU 2 164. 44 ip 11:15:25. 6 26. 9
W ulgulm erang
148°15,20 ,'E
4 263. 76 eip 06:15:(37. 0) (38. 7) May be 1 o r  2 w hole
seconds in  e r r o r
37o05’40"S
5 313. 65 ep 12:15:44.4 46. 3
6 371.96 ep 52. 9 T im e sca led  fro m
sh ips  tra n sm is s io n
9 AU 2 155. 53 ip 11:15:25.1 26 .4
G elantipy
1 A  0 ^ 1  e i n e  II  TT 3 205.46 ip 31.4 T im e sca led  fromI D  D D
37°10’4 0 ,rS
sh ips tra n sm is s io n
10 AU 3 197.94 ip 18:14:29. 0 31. 0
B u tch ers
Ridge
4 247.29 ip 06:15:37. 0 38.7 -  1 .0  second ?
148°15,14”E 5 297. 18 e i  p 12:15:41.1 4 3 .0
37°14’42 nS
11 CDW 0 105.28 e (19. 9) P^. A pparen t velocity
W T re e 6 .4 5  k m /s e c .
148°13T49. 5”E 1 91.69 17.20 P i
37°20’l l nS ±
2 137.67 24. 11
3 187. 59 29. 09
4 236. 93 35. 69
5 286.82 41. 82
6 345.11 49 .41
7 391. 37 54. 91
Station Shot D elta P h ase A rr iv a l T im e T ra v e l Notes
Km h ;m :s T im e
sec
13 NSW 1 65. 08 16.67 V
South Buchan 
148°07T24. 5"E 
37°33f53. 5"S
2 110.97 20 .26
14 SYD 1 46 .20 18:15:02.5 7 .2 ? pl-
Nowa Nowa 
148°05 '31"E 3
142.10 22 .7
37°43T59"S 4 191.46 2 7 .4
5 241.34 37 about
6 299. 66 4 5 .0
7 345. 94 50.6
15 CRB 1 31. 37 7 .3 5 pl*
L akes E n trance
148°00,4 0 ’,E
37°51,4 6 ”S
2 76.80 15.77 4
25 MU 6 60. 16 10.72 pr
pr
F lin d e rs  Island
147°47,50,’E
39°53'45"S
7 105. 60 18. 66
B: T asm an ian  S tations
STA 8 65. 33 12.10 C ru s ta l a r r iv a l
Stanley
145°15,4 7 .2 "E  
40°48,40. 6"S
10 146. 07 2 5 .25
NAB 1 341. 03 48 .52
Nabowla 
147°22’22. 7 nE
4 195.77 06:15:29.49 31.21
41°10 '33. 5"S 6 87. 57 17.37 P o o r tim ing
7 41 .28 7 .64 t r
57 OON 8 119.10 09:15:17. 6 21 .2 C ru s ta l a r r iv a l
Oonah
1 4 5 .65392°E 10 199. 85 20:15:33. 2 32. 3
41. 19554'°S
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Station Shot D elta P h ase A rr iv a l T im e T rav e l N otes
Km h ;m :s T im e
sec
17 MBRW 6 106.96 18:15:17 .4 18.9 C ru s ta l a r r iv a l
Mt. B arrow  
1 4 7 .37732°E 
4 1 .35255°S
7 60. 69 06:15:09 .1 10.8 IT
SVP 8 139.67 2 4 .3
St. V alen tines 
P eak
145°45T11. 2 ”E 
41°22!07 .1"S
10 220.42 34.14
MUS 2 325. 30 47. 44
M usselboro  
147. 44794°E 3
275.28 4 0 .40
4 1 .45807°S 4 226. 00 34.03
59 DAD 8 170. 63 09:15:23. 9 2 7 .5
D aisy  D ell 
146. 04897°E 
41. 55290°S
19 NILE 2 347.81 11:15:54.9 56.2 C ru s ta l a r r iv a l
N ile doubtful, v e ry  sm all,
147. 35780 E 
41. 65363°S 3 297.78 18:14:41.2 43 .2
could be 11:15:50. 8
4 248.46 06:15:35. 3 37 .0
6 140.38 18:15:22. 5 2 4 .0
7 94.14 06:15:14.8 16. 5 C ru s ta l a r r iv a l
60 MER 8 190.43 09:15:27.2 30.8
M ersey  V alley 
146. 21442 °E 10 271. 14 20:15:42 .1 41 .2
41. 68253°S
SAV 2 357.45 epv 11:16:03 64 .3 C ru s ta l a r r iv a l
Savannah 
147. 18954°E
4 258.09 epv 06:15:38 39.7 L ate a r r iv a l
41. 72154°S 5 208.20 epv 12:15:30 31 .9
6 149. 90 epv 25 .0
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Station Shot D elta P h ase A rr iv a l T im e T ra v e l N otes
Km h:m :s Tim e
sec
Savannah 7 103.69 epv 06:15:16 17. 7 C ru s ta l a r r iv a l.  T his 
s ta tio n  is  m isiden tified  
a s  TRR in  the bulletin .
8 251.29 ev 39.0
20 CLE 4 263. 69 06:15:37.2 38. 9
C leveland 
147. 42793°E 5
214.06 12:15:30.8 32. 7
4 1 .79768°S 6 155. 88 18:15:23.7 25 .2
7 109.83 06:15:17.3 19.0 C ru s ta l a r r iv a l
MIE
M iena
8 223. 79 35.49
146. 57910°E 
4 1 .84708°S
GOL 3 336.69 47 .86
G oldsm ith  
147. 32582°E 4 287. 38 41.71
4 2 .00388°S 5 237. 65 35. 30
6 179.35 28. 25
7 133.13 22. 38 C ru sta l a r r iv a l
22 QAE 1 443. 79 58. 11 E a rly  a r r iv a l
T unbridge 
147°21. 6*
2 398. 06 57. 19
42° 06. 61 3 348.03 50. 60
4 298. 77 43 .46
5 249.10 37. 15
6 190.86 29. 98
7 144.70 24. 66
61 QCW 8 243.91 36. 97
B ron te  P a rk  
146°29. 6 ’E 
42°07. 6 ’S
10 324.67 47 .43
62 QAW 8 269.07 41. 02
V ic to ria  V alley 
146°42. 6*E 10 349. 82 50.81
42 17. 4 'S
1 3 ?
Station Shot D elta P h ase A rriv a l T im e T ra v e l N otes
Km h:m :s T im e
sec .
23 QBE 1 464.65 64. 3
O atlands 
147°24. 3’E
2 418.99 59.40
42°18. 2 ’S 4 319.78 45. 99
5 270.21 39.87
6 212.06 32. 68
7 166. 02 27. 56
TRR 2 434.80 epv 11:16:10 71. 3
T a rra le a h  
146. 45096°E
4 336.51 epv 06:15:47 48. 7
42.30452'°S 5 287.12 4 1 .4 C ru s ta l a r r iv a l  has 
t r a v e l  tim e  of 47. 9sec .
6 230.27 34. 5 ” ” 38 .5  M
8 258.49 4 2 .0
10 339. 15 49. 0
24 QCE 1 480.88 67. 30
T ib e ria s  
147°20. 6 'E
2 435. 18 62.46
42 °2 6. 7 ’S 3 385. 16 55.25
4 335. 92 48. 54
5 286. 28 41. 96
6 228.07 34.73
7 181. 93 29. 52
YAR 1 492.20 68.49
Y arling ton  
1 4 7 .31296°E
2 446.49 62. 75
4 2 .54488°S 3 396.47 55. 86
4 347.22 49. 58
5 297. 56 43. 14
6 239. 32 36. 01
7 193. 15 30. 86
8 322.08 47. 70
10 402.61 58. 82
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Station Shot Delta Phase A rriv a l Tim e T rave l
Km h;m :s Tim e
sec
63 QBW 8 304.26 45. 08
Pelham  
146°56.7’E 
42°33. 3'S
10 385. 02 55.31
TAU 5 337. 92 epzv 12:15:47 48.9
Tasm ania
U niversity 6 279. 73
epzv 18:15:47 48 .5
147. 32040°E 
4 2 .90991°S
7 233. 61 epzv 06:15:38 39.7
C: Other Mainland Stations
WHIT
W hitlands
8 408. 15 ep 09:15:54.1 57.7
146°21T05. 5"E 
36°49’54. 9"S
TOL
Tolm ie
8 395.11 ip 09:15:52. 5 56. 1
146°14'39.4"E
36°55,3 9 .4 ”S
BAR
Barw ite
10 339.23 ep 20:15:(48. 9) (48. 0 )
146°08’51. 8”E 
37°00’51. 5"S
TOO 0 305.88 17:15:(50) (49. 7)
Toolangi
145°29'26ME 1 231.46 18:15:31. 6
36.4
37°34’17,tS 2 238.00 11:15:35.8 37.1
3 258.45 18:14:36. 9 38.9
4 284.58 06:15:40.4 42.1
5 315. 92 12:15:44.4 46 .3
6 359. 78 18:15:50.6 52.1
7 397. 27 06:15:54.5 56.2
8 309. 58 09:15:41.4 45.0
10 258.41 20:15:39.1 38.2
Notes
1 3  4
Station Shot D elta
Km
P h ase
44 WNDO 
W oorndoo
8 320.78
142°47’55. 03"E 
37°54 ,25. 18”S
10 240. 02
47 P12
142°52’55”E
38°12 ,4 4 ”S
10 207.99
49 CDW 
142°58,21 ME
8 275. 83
38°18 ,11"S
10 195. 17
MTV
M ount T as  s ie
1 130.25 i p |
146. 56667°E
2 117.84 iP
3 8 .40167°S 3 127.96 ep
4 152.82 ip f
5 187. 39 ip +
6 236. 35 ip
7 277.82 ep
8 258. 86 ep
10 242.67 ep
A rr iv a l T im e T ra v e l N otes 
h :m :s  T im e
_________________ sec .____________
09:15:42. 9 4 6 .5
20 :15:33 .4  32 .5
20:15:36. 1 35 .2
41. 93 
31. 00
18:15:18.0 22 .8
11:15:20.1 2 1 .4
18:14:20. 1 2 2 .1
06:15:24.0  25 .7
12:15:28. 6 30 .5
18:15:37. 3 38.8
06:15:46.7  4 8 .4
09:15:39.0  4 2 .6
20:15:39. 1 38 .2
52 MU
143°19f20"E
38037'59"S
53 CRB
143°24’40"E
3 8 °4 6 '4 6 MS
26 WPRM 3
W ilsons 4
P ro m o n to ry  
146°18’3 9 .7 ”E 7
38°56!54"S
131.49 18:14:20.4 22 .42
134.08 06:15:22.0 23 .7
228.41 06:15:48 .4 50. 1
196. 88 09:15:27.6 31 .2
191.30 20:15:31. 7 30. 8
T im ing  fro m  VNG, 
w ith second iden tified  
from  sh ips t r a n s ­
m iss io n  tim e  as pub­
lish ed  in  BUMP 
tim in g  re p o rt.
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Results
Times of travel of first arrivals were to be reported to the 
BUMP Committee chairman within a week or so of the completion of the field 
work, collated with the distances and circulated to all participants within a 
month. In fact, some results are not yet final. The data available at October 
1967 are given in Table 6-2. Later arrivals, and apparent velocities across 
some of the spreads have been scaled by participants, but have not yet been 
collected.
Analysis by Linear Least Squares
Despite the lack of reversals, an attempt was made to treat the 
East line mainland data by the method of the previous chapter. Least square 
lines were fitted to first arrivals at short distances. Table 6-3 lists these 
results and Fig. 6-2 (in the end pocket) is a plot of travel times against distance 
of all the East line first arrivals.
It seems that a crustal layer velocity of 6. 0 to 6. 1 km/ sec is 
universal, and the velocity of 6. 04 km/sec used in the previous chapter was 
therefore adopted for the Bass Strait work. The constrained solutions were 
not used, as there is certainly some "sedimentary delay" under stations and 
under shots. Arrivals directly through the sediments of the Gippsland basin 
were sought, but these are inconsistent. No velocity compilation is available 
from the extensive oil exploration work in the Gippsland Shelf area (B. M. 
Hopkins, personal communi cation, October 1967). The sediments comprise 
mainly carbonates, porous sandstones and shales, of Mesozoic and Tertiary 
age, and the maximum thickness is said to be 16, 000 ft (4. 9 km) to 20, 000 ft 
(6.1 km), (Weeks and Hopkins, 1967). According to J. Branson (personal 
communication, October 1967) the Jurassic in the Otway basin has velocity 
averaging 15, 000 ft/ sec (4. 5 km/sec), and this velocity increases only slowly 
with depth; the same probably holds for the Gippsland basin. In the w riters 
opinion, 4. 5 km/sec is a suitable provisional value for this basin. About 2 km 
of this material under shots and stations would produce the observed delay; in
TABLE 6-3
In tercep t 95% Fiducial Velocity 95% Fiducial SE DF Comments
(sec) Lim its k m / Lim its
(sec) sec
7.06
5.23
0. 57 ± 2 .2 2 2 6.01 - 0.27 3b 5 P a t Tasm anian stations o f  the E ast line. Uncon­
stra ined .
[O] 5.80
6.01
5.60 -0 .237? 6 ,f M • Constrained.
0. 62 t l . 2 0 7 6.10
6. 52 
5.73 -0 .243 b 7 P  at M ainland stations o f  the E ast line. Uncon­
stra ined .
[O] 5. 92 Ü1
 0
5
-3
 o
 
00 + 0.234 b 8 11 M . Constrained.
3.34 -  3.212 6.63
8. 32 
5. 50 -0. 525 9 P at M ainland stations3 w here the path includes 
substantial d istances in
the Gippsland basin .
Unconstrained.
3.35 - 0.713 7.12 7.356.89 -0 .1 1 0 o 5b ”P  M at Tasm anian 
stations of the E ast 
line
6.75 -  1.079 7.91 8 .0 8 5
7.726
-0.167^ 35 P at Mainland Station^ 
to  fixed and single 
se ism om eter portable 
seism ographs.
5.93 -  3.142 7 .84 8.4897.280 -0.377 8O P a t Mainland stations, to exploration sp reads.
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fact the situation  is  much m ore variab le , with perhaps 5 km of sedim ents
under shot 2 and p rac tica lly  none under shot 5 o r s tations in the Snowy Mountains
area.
Next, f ir s t  a rr iv a ls  which had trav e lled  m ost of th e ir  paths under 
the Gippsland b asin  w ere analysed. The velocity obtained was 6. 63 k m /se c , 
and the in te rcep t 3. 34 seconds, both with a la rg e  uncertain ty . This may 
re p re se n t ’’in te rm ed ia te"  m a te ria l but as the tra v e l tim e  plot shows, th ese  
could never be f ir s t  a r r iv a ls  if  P m a te ria l of velocity 6. 04 was a lso  p re sen t 
under the basin, even if a sed im entary  delay is  allowed for. On the other hand, 
if b asin  sedim ents re s ted  d irec tly  on in term ed ia te  m a te ria l, the sedim entary  
th ickness im plied by the in te rcep t would be g re a te r  than  10 km, which is  not 
in accord  with the geological evidence. Beyond the b a re  indication of its  
existence, it does not seem  possible a t the p re sen t to  m ake re liab le  inferences 
about the layer.
In the  Tasm anian data, however, th e re  a re  sev e ra l a rr iv a ls  in 
the d istance range 120 km  to 180 km  which a re  too ea rly  to be e ither P o r P .
The sixth equation of Table 6-3 is  the leas t sq uares fit to  th ese  a rr iv a ls . The 
velocity, 7.12 k m /s e c  is  w ell determ ined, and th is  line probably indicates 
tha t the a rr iv a ls  a re  from  the "in term ediate" lay er which has e ither changed 
in trin sic  velocity o r has its  top surface  dipping up to  the south at an in d e te r­
minate angle. A fla t- la y e r  calculation gives a depth of about 20 km  for the 
indicated in te rcep t tim e.
O bservations judged to be P ^  from  the tra v e l tim e  plot w ere 
analysed. The velocities shown in Table 6-4 for the Tasm anian  and Mainland E 
lines a re  p rac tica lly  identical, and iden tical a lso  with the dip co rrec ted  m antle 
velocity derived in  C hapter 5 for the Sydney b asin  a rea . However, the BUMP 
velocities a re  probably down dip apparent velocities, the c ru s t under the shots 
being th inner than it is  under e ither the Snowy Mountains o r Tasm ania. The 
in tercep t tim es a re  a lso  low (for example if  7. 8(5) k m /s e c  w ere the tru e  velocity, 
a flat slab model of 6. 04 k m /s e c  c ru s t would have a th ickness only 31 km under 
the Mainland and 2 6 km  under Tasm ania), and th is  is  inconsisten t with the 
Snowy s tru c tu re .
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It is  a somewhat w orrying fea tu re  of a ll the P^ observations 
that the w rite r  has collected, that the tim es recorded  by exploration type 
instrum ents (for exam ple P712 and CDW) seem  to  be e a r lie r  than would be 
quite consisten t with the fixed station and W illm ore type field se ts  (for example 
10AU). The final two en tries  in Table 6-3 a re  for the two c lasses  of instrum ents; 
s ta tis tic a lly  they a re  indistinguishable, but i t  would be worthwhile to make a 
s id e-b y -s id e  com parison  a t some tim e, to check th is .
In an attem pt to  ex trac t m ore inform ation from  the P^ observations, 
sep a ra te  lines w ere  fitted for each shot, as tabulated  in Table 6 ^ .  The in tercep t 
tim es a t the one shot for observations north and south should be very  closely 
equal, un less th e re  is  a sudden discontinuity in the depth to M under the shot, 
and s ta tis tic a l testing  shows tha t the d ifferences between m em bers of each p a ir 
a re  not significant. But th e re  a re  a lso  no significant d ifferences between shots. 
This would im ply tha t the depth to M is  substantially  constant under all shots, 
except in  so fa r as the upper c ru s ta l s tru c tu re  m odifies the tim e-depth  relation.
Finally, the observations n o rth -eas t from  shots 8 and 10 of the 
W estern  line w ere gathered. The final equation in the left hand column of 
Table 6-4 resu lted . This line is a very  rough approxim ation to  a re v e rsa l of 
the Eaglehawk qu arry  observations of Doyle et a h (1959) in V ictoria. Not only 
a re  th e re  no shot points which w ere a lso  reco rd e r points, but exact reoccupations 
w ere not made. I t should be noted tha t station  WHIT of the BUMP se r ie s  was 
about 20 km  sou th-w est of station "W hitfield” of Doyle et a l. M oreover, the 
azim uths a re  only very  approxim ately rev e rse . N evertheless, som e of the 
m antle paths do in terlock , and these a re  the b est data available.
The equations a re  :
T = 7 .8  + ^  southwest T * 5.31 + ^  northeast
7. 96 7.76
from  which the dip is 53* down SW, tru e  velocity is  7. 86 k m / sec and depths to 
M a re  37 km  under the  Snowy Mountains and 25 km under the shots in  southwest 
Bass S trait, assum ing a single c ru s ta l lay er of 6. 04 k m / sec  m ateria l. If an
MO
in term ed ia te  layer is p resen t, the depths w ill be in c reased  by 3 or 4 k ilom etres, 
but verifica tion  of th is possib ility  w ill have to  w ait a m ore refined experim ent. 
This is an approxim ate analysis, and it should be rem arked  that a rr iv a ls  at MTV 
w ere 3. 9 and 1. 6 seconds late, respectively , although a rr iv a ls  at WPM in  the 
sam e azim uth and 60 km  c loser, w ere only 0. 5 and 0. 8 sec. late. The Gippsland 
basin  sedim ents under MTV a re  insufficient to account for m ore than about 0.4 
sec  of the delay, and the effect rem ains unexplained.
A nalysis by T im eterm s
The linear le a s t squares analysis can only be regarded  as a 
reco n n aissan ce  into the data, and in  the hope of ex tracting  m ore inform ation, 
a tim e te rm  analysis was made. The theory  is  developed in  the next chapter,
o o  - Q
the  analysis of which was done before the BUMP data w ss assem bled. F or the 
g rea tly  in c reased  amount of inform ation to  be handled for BUMP, a new program  
was w ritten , and th is  is  lis ted  as NEOBUMP in  Appendix 1. The only essentially  
new fea tu res a re  that the velocity is determ ined in the course of the analysis, 
and that observations m ore than two standard  deviations from  the m ean a re  
re jected . Ite ra tion  proceeds until no m ore observations a re  d iscrepant.
1. G eneral considerations
A b asic  assum ption is that one m antle velocity ex ists beneath the 
whole region, and that a ll the  readings analysed a re  re frac tions from  th is. In 
addition, the theory  m akes the  approxim ations tha t in te rfaces should have sm all 
slopes and cu rva tu res and th a t upper layer s tru c tu re  does not vary suddenly 
under s ite s. These approxim ations a re  usually  not fa r  from  the tru th . However, 
tha t the m antle velocity does vary  in the region w ill be argued in the D iscussion.
It is  not possib le  by the tim e te rm  method to  avoid the conse­
quences of lack of re v e rse  shooting in the  experim ent. In fact only th ree  
observations, those at CAN, DLN and INV from  the  Snowy Mountains quarry  
b last, together with the possib ility  of fixing the sam e tim e te rm  to apply to th is 
shot and the sta tion  JIN, save the observation m atrix  from  being singular. The 
tim e te rm  approach is at a disadvantage com pared to  the c la ss ica l method in 
th is, because the la tte r  can introduce the specific assum ption tha t som e profile
1 11
is ’’approxim ately  rev ersed "  with another, and th is  is an additional constrain t.
In a ll the tim e te rm  analyses described  below, the value a t JIN 
rem ains fixed, by v irtue  of the identification of the tim e  te rm s  of station  and 
shot a t tha t s ite . An increase  in velocity leads to  a decrease  in the num erical 
values of the tim e  te rm s  for recording stations between Jindabyne and Shot 1, 
and an in c rease  for recording stations north  of Jindabyne, and for B ass S trait 
shots. The f i r s t  of these  in c reases  can to a la rg e  extent be controlled by 
the addition of the  ”NSW offshore" data, but the in c reased  tim e te rm s  of Bass 
S tra it shots com pensate very largely  for the in c rease  in  velocity to  Tasm anian 
re c o rd e rs , the tim e te rm s  of which a re  th e re fo re  little  affected. The net 
re su lt is  a so r t of oscillation of the line in  Fig. 6-3, with no way of knowing 
what is the b e s t se t of values. This is  the so r t of re su lt which was anticipated 
at the s ta r t  of the BUMP planning, and is  the reaso n  why the w rite r  suggested 
P ^  should be recorded  south from  Jindabyne, and tha t at leas t one BUMP shot 
point should a lso  be a recording point.
An im portant s ta tis tic a l consideration  m ust a lso  be borne in mind. 
The d istribu tion  of residuals tends to  be skewed tow ards positive values, as 
m ore read ings w ill be late  than early . Sym m etrical fiducial lim its  about the 
mean, fixed under the assum ption of a norm al d istribution , w ill tend to  elim inate 
the early  read ings, which intuitively one might expect to be the m ost re liab le , 
and the computed velocity w ill fall as ite ra tion  p roceeds. This is in fact what 
happens, and the final values of velocity may be b iased  low by 0 .1  or 0. 2 k m /s e c .
2. Analyses
Tasm anian and Mainland BUMP E ast line P data was f ir s tn
analysed. The velocity derived was 7. 97 k m /s e c  using 33 s ite s  and 172 pieces 
of data, and the  tim e te rm s  ranged from  5. 15 sec at shot 1, to  1. 73 sec at 
GOL in Tasm ania.
Next, the data from  the "NSW offshore" experim ent reported  
in Chapter 5 w ere  added. Although the num ber of s ite s  was thereby  increased  
to  40, and the num ber of data item s to  224, no im provem ent in the num erica l- 
analytical situation resu lted , as no "record ing  + shooting" s ite s  w ere introduced.
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TABLE 6-5
BUMP Tim e te rm s
Tim e T erm V ariance of bouguer
(sec) Tim e te rm Gravity
(sec2 ) (m gal)
2.56 0.101
2.24^ 0.107
2.32 0.057
2.43® 0.090
2* 61q 0.097
2.38 0.067 -  20
2.82® 
2. 25y
0.056 -  20
0.033 -  32
3 .0 2 5 0.046 (-  27)
2. 30 0.043
2.46® 0.022
3. 89q 0.122
2 .844 0.057
4.09 0.112 -  56
4.15® 0.110 -  54
4. 35q 0.109
2.42 0.081 -  43
2 . 10p 0.144 -  31
2 .7 0 1 0.241
4 . 129 0.060
3.24^ 0.044
! .4 7 5 0.042
! .4 8 3 0.042
1.04 0.038
0.82 0.046
2 .02n 0.085
2. 40® 0.111
4.01® 0.094
3 .1 3 q 0.081
1.64 0.239
2 . 17g 0.246
3 . 943 0.178
2.69 0.074
6.69 0.280
7.13® 0.240
Notes:
(1) Velocity resu ltin g  from  
th is  analysis  is  7. 54 k m / 
sec .
(2) Solution variance  is
0.1558 sec 2 on 115 
DF. 5
(3) The s ite s  below the
line a re  not plotted
in Fig. 6-3 .
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The velocity derived was 7. 89 k m /se c , with tim e  te rm s  ranging from  4. 61 
sec for shot 1 to 1. 74 sec fo r INV. This la s t cannot be accepted as rea lis tic , 
and the reaso n  can be found in the pa ttern  of readings a t INV. T here  a re  th ree  
of these, one late, one average and one early . In the course  of the iteration , 
e ither the late  or the ea rly  reading may be elim inated, and the m ean of the other 
two de term ines the tim e  te rm . In the p resen t case  the late reading was elim in­
ated. This instab ility  does not affect the velocity value to  any extent. The 
next sm alles t tim e te rm  was 1, 83 sec at GOL.
At th is  stage, the data of Doyle, Everingham  and Hogan (1959) 
wsfe- incorporated  in the  solution. To do th is, the assum ption had to  be made 
tha t the tim e  te rm  at the Eaglehawk quarry  was identical to  tha t a t Jindabyne.
Some stations with only one observation w ere dropped, as the m atrix  size  was 
becoming too large. (A single observation does not contribute to  the velocity 
determ ination, as the re s id u a l is equated d irec tly  to the station tim e term ).
The resu ltan t velocity was 7 .43 k m /s e c  only, with 38 s ite s  and 156 data item s .
In th is case , the velocity value was so low that the tim e te rm  at shot 6 went 
negative. No additional constra in t had been added to  the solution, because no 
Doyle e t a l . s ite  was re-occupied  in the " N S W  offshore” experim ent, and the 
attem pt to  re-occupy the W hitfield station during BUMP was unsuccessful.
Finally, som e of the data from  the previous solution was critica lly  
examined, and only the m ost consistent s ite s  w ere retained , leaving 152 data 
item s from  35 s ite s  in  the final iteration . The leas t squares estim ate  of velocity 
was 7. 54 k m /s e c . This solution is the one plotted as  Fig. 6-3 and the details 
a re  lis ted  in  Table 6-5.
3. In te rp re ta tion  of the  tim e  te rm  resu lts
Although the  overa ll stability  of the  tim e te rm  solution is so poor, 
the details of the p ro file  in  Fig. 6-3 a re  ra th e r  stable. F or example the inflection 
between B UMP shots 3 and 4 rem ains recognisable despite  variations of velocity, 
and addition of new data, and BUMP 1 always is  a local maxim um  of tim e te rm  
value. This does not always apply a t s ite s  w here only two or th ree  observations 
a re  available, as was m entioned in the d iscussion  of the low INV value. It is
because the details show up rather clearly that the run shown in Fig. 6-3 
was chosen for illustration, despite what seems to be a very low velocity 
value.
The features to be noted are :
(i) High time term  south of the Snowy Mountains as far as Butcher's Ridge
(10AU in the figure, but BUR in the tables). The extra time indicated 
is about 1 second. This Mould imply 10 km of intermediate m aterial 
added to the bottom of the crust at the expense of the mantle material 
of velocity 8.1 km / sec,and,assuming the density-velocity relation of 
Talwani et al (1959), this would make the Bouguer gravity 185 milligals 
more negative, which is certainly not observed. If the mantle material 
were of velocity 7. 88 km / sec the increase in the depth of M would be 
greater. Part of the time may be taken up in the Snowy River Volcanics, 
which A. E. Ringwood (personal communication, July 1967) believes to be 
of lower velocity than the granites and metamorphics in the Snowy 
Mountains. However, they would also be less dense, so that the Bouguer 
anomaly would still be very negative to the south.
The w riter has calculated the Bouguer anomalies for the few 
stations available in the area, from data supplied to him by A. Flavelle 
and J. van Son of the Bureau of Mineral Resources, and these values are 
listed in Table 6-5. Bouguer gravity does become more negative, but 
by only 10 or 20 mgaL It is concluded that either a depression of the M 
does occur and most of the mass is compensated by an increase in the density 
of the more superficial rock along the profile, or alternatively and probably 
more likely, the time term  difference is much too large.
(ii) A decrease of 1-1/2 sec in the value of the time term s between 10 AU
( BUR )) and CDW (at W Tree just north of the edge of the Buchan lime­
stone area). If this was a thinning of the crust, the value implied would 
be 14 km, and this is very unlikely, for the reasons discussed above.
(iii) High time term s at shots 1 and 2. But judging from Figure 6 in Weeks and 
Hopkins (1967) the maximum basin thickness would be about 5 km under
1 1 n
shot 2, and with a basin  velocity of 4. 5 k m / sec, th is would cause only 
ha lf a second of sedim entary delay. The delay at 1 would be less. This 
s ite  is one w here the basic  assum ptions, that upper layer s tru c tu re  does 
not vary  suddenly under the site , is  probably violated.
(iv) Low tim e te rm s  for the Bass S trait shot points. Shot 3 is on the southern 
flank of the basin, 4 and 5 a re  on the Palaeozoic ridge separating  the 
Gippsland from  the B ass Basin, while 6 and 7 a re  in the shallow sed i­
m entary  rim  of the la tte r. None of th ese  would be expected to  have as 
g re a t a sed im entary  delay as 2. The steady d ecrease  in  tim e te rm s  in  
B ass S trait is  th e re fo re  to  be accounted for by a thinning of the crust, 
possibly with an in c rease  of in term ediate  layer-velocity  from  6. 6+ k m / sec 
on the mainland, to the 7.1+ k m /s e c  indicated by the le a s t square  lines 
of the previous section, for Tasm ania.
If tim e te rm s  from  a solution producing a h igher velocity w ere 
d iscussed , it would be possib le to  make a ^ o r e  plausible nminding s tru c tu ra l 
in terpre ta tion . Or if one m ore variab le, say the tim e te rm  a t one shot point, 
w ere to  be a rb itra r ily  fixed, a fully constrained solution would em erge. In 
e ither case , additional assum ptions would have been introduced. In the w r ite r 's  
opinion, it is  b e tte r scien tific  method to com plete the seism ic  solution f irs t, and 
attem pt the s tru c tu ra l solution second.
Two experim ents which can be done to  com plete the BUMP
pro jec t a re  :
R ecord P^ at BUMP s ite s  on the south end of the Mainland E ast line, from  
q uarry  b lasts  in the Snowy Mountains.
R ecord P^ at one E ast line shot point from  a shot fired  a t another.
These a re  the minimum alte rnatives; m ore e lab o ra te  schem es a re  desirab le .
D iscussion
Some velocities for P^ , determ ined by deep re frac tio n  ex p eri­
m ents in  A u s tra lia , a re  :
.1 4 7
Sydney B asin a re a 7. 86 k m /s e c R eversed, Chapter 5.
Mainland BUMP E line 7.88 U nreversed, th is chap ter.
Tasm anian " " " 7.83 m  h  n
SW B ass S tra it to  Snowy 
Mountains 7.86 "R eversed", th is chap ter.
Snowy Mountains 8. 1 Split spread. Doyle, 
Everingham  and Hogan (1959) 
and Chapter 5 of th is thesis.
W estern A u stra lia  from  
M aralinga
8.21 U nreversed. Bolt, Doyle and 
Sutton (1958).
South A u stra lia  from  
M aralinga
8.05 U nreversed. Doyle and 
Everingham  (1964).
Tennant C reek 8. 35 Chapter 7.
W estern  A ustra lian  Shield 8.48 Everingham  (1965).
Cape York Peninsula 7.84 -  8.45 Finlays on (in preparation).
The tabulation suggests tha t the velocity of P may be low under
n  u * ~
the m argins of the A u stra lian  continent (except perhaps in /South W estern 
A ustralia), h igher under the in te rio r , and very  high under p re-C am brian  
Shield a re a s .
Earthquake studies have consistently  given P ^  velocities g re a te r  
than 8. 0 k m /s e c  fo r A u stra lia  (Cleary and Doyle, 1962; Cooney, 1962; Sutton, 
and White, 1966; and C hapter 10 of th is thesis). The discrepancy may be 
because the earthquake readings have been taken to g re a te r  d istances, so that 
the velocity determ ined  is  tha t appropria te  to  a ray  which has penetrated  m ore 
deeply into the  m antle. A nother possib ility  is  that the longer earthquake paths 
tra v e rs e  considerable  portions of th e  in te rio r of A ustra lia , and so the overall 
tim e is influenced by the  high velocities there .
The tim e  te rm  method, based as it  is  on the assum ption of one 
velocity to  su it a ll re fra c tio n  paths, is  c lea rly  invalid if th e re  is  a re a l difference 
between the velocity  under the  Snowy Mountains and under the re s t  of the area. 
Such a v a ria tio n  could be taken  into account in  the analysis, but only if the 
observational network is  sufficiently redundant. Future experim ents in deep 
re frac tio n  w ill have to  be designed for exact re v e rsa l.
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Fig. 7 - 1 .  Map of WRAMP.
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CHAPTER 7.
SEISMIC EXPERIMENT WRAMP 
Introduction
When the seismic array at Tennant Creek was installed at the 
end of 1965, it was appreciated that its capabilities would be enhanced if 
"calibration” shots could be recorded. When an independent deep seismic r e ­
fraction experiment, Operation CRUMP of the Bureau of Mineral Resources 
and the Royal Australian Navy was being planned, representations were made to 
the organizers that at least one shot should be fired in the southern Gulf of 
Carpentaria for Tennant Creek calibration. This was agreed to. To extract 
the maximum information from the opportunity thus afforded, it was decided to 
field portable recorders from the A. N. U. in the area between the Carpentaria 
shot and Tennant Creek. It occurred to the w riter that special explosions laid 
in abandoned mine shafts would provide convenient and rather cheap sources 
for deep refraction work, and the opportunity was taken to test this expectation 
during the experiment.
In this way the "Warramunga Upper Mantle Project" (acronym: 
WRAMP) , firstly planned as a calibration shot for WRA,developed through an 
elaboration of supporting observations by portable instruments, into the full 
scale reconnaissance refraction experiment with 4 shots and 5 recording sites 
which is shown in the map, Fig. 7-1.
Experiment
CRUMP shots 14, 15 and 16 were planned to be fired in the 
Gulf of Carpentaria on the 4th and 5th October, and portable recorders at 
Brunette Downs, Doomadgee and Frewena were to record these. The former 
two were then to move to sites between Mount Isa and Tennant Creek. A mine 
shot was to be fired near Mount Isa on the 8th, and timed by a special recorder, 
which was then to be transferred to Tennant Creek for the mine shot there on 
the 10th. Parties available at the end of the CRUMP experiment were invited
50
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to rec o rd  the Mount Isa  shot at s ite s  eastw ards tow ards C harters  Tow ers.
In the event, shot 14 failed, and shots 15 and 16 w ere fired  
close together in the cen tra l eas te rn  Gulf of C arpen taria  on the 6th. Only one 
portab le re c o rd e r  was tra n s fe rre d  to the Mount Isa  -  Tennant Creek line, the 
other being used as a second shot tim e re c o rd e r fo r the Mount Isa  shot, which 
was fired  50 m inutes late on the planned date, 8 O ctober. Owing to poor radio 
reception conditions, th is re c o rd e r did not pick up the Tennant Creek shot, 
which w as fired  on 10th October, a lso  50 m inutes la te r  than the planned tim e.
No CRUMP stations recorded  signals, m ost being unable to  reach  the a rea  in 
the cu rta iled  tim e  available.
M. Laybutt and  K. R osengren of the D epartm ent of Geophysics 
and G eochem istry, and M essrs. Payne and F le tcher of the D epartm ent of 
Engineering Physics, operated  re c o rd e rs  during the experim ent. The mine 
shots w ere handled by Mount Isa  Mines and Geopeko, respectively .
Shooting
A technique was developed to provide se ism ic  energy sources 
in land a re a s  w here abandoned m ines a re  available.
A mine, Kings C ross South (KCS), n ear M ary Kathleen, was 
located on the in itia tive  of Mr. E. Davies and Mr. K. E. Mathews of the Mount 
Isa  M ines. It w as a 40* hole with a 5’ x 4 T cham ber a t the bott om, in sheared  
"g ran ite” , as  sketched in Fig. 7-2, and was loaded with about 2000 lb of p rilled  
ammonium n itra te -fu e l oil (ANFO) explosive. A fter prim ing  with AN gelignite 
and running "p rim aco rd" detonating fuse to  the su rface , stem m ing of sand was 
tipped into the shaft. To guard against m isfire , two sep a ra te  prim ing charges 
and fuses w ere laid, both coming to the surface in a length of old rubber hose 
which provided p ro tec tion  against m echanical dam age. Instantaneous No. 6 
e lec trica l detonators w ere taped to  the top ends of the p rim aco rd  runs, connected 
in se r ie s  and fired  on the A ustra lian  B roadcasting C om m ission 's 6 p. m. E astern  
Standard Tim e signal by a Beethoven blasting  m achine.
52
Fig. 7 - 3 .  Shot tim es re lay  (top trace) and VNG radio tim e 
m ark envelope (bottom). G raticule divisions 
a re  20 m illiseconds apart. Oscillograph photo 
by M. Laybutt.
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Shot tim ing was, however, determ ined independently. N ear 
the shooters "dugout", a Sanborn hot stylus reco rd e r w as insta lled , and radio 
tim e signals from  the P . M. G. radio tim e signal station VNG w ere picked up 
with a portab le  rece iv e r and im posed on the reco rd  through a re lay . Fig. 7-3 
is  an oscillograph p ic tu re  of the response of the relay  to a pulse, and shows 
tha t there  is  no significant delay in activation of th is system . An ex tra  deton­
a to r was w ired  into the shot c ircu it near the tim er, so tha t its  detonation would 
b reak  a w ire , in terrup ting  the c ircu it and causing a deflection of the reco rd e r 
pen. In case  the tim ing system  failed, one of the portab le  field re c o rd e rs  was 
run close to  the shot a t KCS, and gave an additional check on the tim e.
The scene a t KCS a f te r  the shot is shown in Fig. 7-4. Stemming 
blew out, and the  ground cracked, so that in fact the shot was not a very  efficient 
source of se ism ic  waves. The effect of this w ill be seen in the succeeding 
section of th is  chapter. F or any future shot, a t leas t double the depth, and 
stem m ing righ t to the su rface  would be necessary , while for recording at 
d istances like those  attem pted in this experim ent, another ton of explosives 
would be advisable.
The JOKER mine at Tennant Creek, is  an abandoned working 
about 28 km northnorthw est of the centre of the W arram unga a rra y . Men from  
Geopeko L td ., the con tracto rs  for the operation of the a rra y , laid about 1500 lb 
of ANFO in the end of a c ro sscu t on the 150 foot level (Fig. 7-5), tam ped it 
back to the d rive  with sandbagging, and fired  it from  the surface in much the 
sam e fashion as described  for KCS. In this case only the b reak  c ircu it tim e r 
was used. No ground cracking was seen, but the mine has not been re -e n te red  
to check on subsurface damage.
Safety is of g rea t im portance in work with explosives. But 
ammonium n itra te  itse lf, if  clean, is a safe m ateria l, and so is  fuel oil on its 
own. When mixed, th ese  two form  an insensitive and easily  handled, but n ev e r­
th e less  powerful explosive which fu rtherm ore is  only about one q u a rte r the cost 
of AN gelignite (Gregory, 1966). ANFO is  w ater soluble, and can be washed 
away safely if  a com plete m is fire  occurs. But it cannot be used in wet holes
[ 5 5
Fig. 7 - 5 .  Loading the explosives at JOKER. From a colour photo by 
G. Fletcher.
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unless specia l techniques a re  adopted.
The two p rincipal safeguards in  the  WHAMP shots w ere :
(1) The use of ’’p rim a/eo rd" to the surface. This allowed the charge to  be
laid, and the stem m ing placed without e lec tr ic a l detonators in the 
neighbourhood. Only when a ll was ready w ere the detonators taped 
to the  ’’prim axcord’’; th is was done a t a d istance where even p r e ­
m ature  explosion of the charge would not have been hazardous.
(2) Avoidance of in te rfe rence  from  the tim ing system  with the estab lished
rou tines of the mining experts. The only unusual c ircum stances for 
them  w ere th a t one ex tra  detonator had to  be w ired into the shooting 
c ircu it, and tha t the shooter had to p re s s  the button within a few seconds 
of the  A. B. C. radio tim e  ’’p ips".
Two portab le recording se ts  of the H ales-A . N. U. type (Chapter 
2, p. if ) w ere  used, and a tape recording seism ograph  (M uirhead and Read, 
1966) was operated  throughout the experim ent a t Frewena.
R esults
Tables 7-1 and 7-2 give shot and re c o rd e r  details respective ly . 
Owing to  the fortunate c la rity  of radio  reception, all readings could be re fe rre d  
to the sam e VNG tim e signal b roadcasts , and so no clock e r ro rs  w ere in tro ­
duced. Locations have been identified on a ir  photos, and calculated by M r.
Ian M ather of the B ureau of M ineral R esources. As each station happened to  
be within a few hundred yards of an astronom ical control point, the e r r o r s  in 
position should be negligible. D istances and azim uths have been calculated 
with the T ran sv e rse  M ercato rs p rogram  (Appendix 1).
Complete readings a re  given in  Table 7-3 for a ll but the JOKER 
shot at W arram unga, for which P tim es a re  given in Table 7 -4. An exam ple 
of a good reco rd  is shown in Fig. 7-6. At Doomadgee (DOOM), B runette Downs 
(BRUN) and A ustra l Downs (AULD), photo paper reco rd s  w ere taken. M ore 
sensitive  re c o rd e rs , w ith the possib ility  of playing back fo r fu rth er p rocessing , 
would have been useful a t these  s ite s , as the signals w ere weak. At Frew ena,
n*
n /* '
-■ V>, \  *
U  U_i L_l l__I
i ,i; p -I i|
F ig. 7 -6 . P a r r iv a l at FREW ENA fro m  
the JOKER shot. F i l te r  bandpass 
7-10 cps. D istance 120.70 km .
TABLE 7-3
TRAVEL TIMES
Station Shot D istance Phase A rriv a l tim e T rave l T i i
(km) (GMT) 
H: M : S
sec
WRA R5 JOKER see  Table 7-4 for details of JOKER at WRA
FREWENA JOKER 120.70 iP 08:00:20.43 20. 53
e 21. 02 21.12
e 21.42 21. 52
i 21.66 21.76
22.79 22.89
• P n 24. 32 24.42
AUSTRAL KCS 224.63 i 08:00:38. 55 37. 55
i 38. 86 37.86
1 44.82 43.82
DOOMADGEE 16 351. 67 eP n 07:21:26. 95 52.63
eP n ? 28. 28 53. 96
i(p l) 34. 96 60. 64
e(S) 22;16. 95 102.63
eL 22 107.7
DOOMADGEE 15 359.70 eP n 08:21:51. 67 53.21
iP l 59. 33 60.87
AUSTRAL JOKER 372.74 i 08:00:57.2 57.3
e 01:12. 65 72.75
e 19.4 79. 5
i 20. 5 80.6
28.45 88. 55
FREWENA KCS 490.60 ePn 08:01:09. 55 68. 55
e P ! 19. 59 78.59
21. 37 80.37
eS 02:10.45 129.45
iL 24. 90 143.90
WRA KCS 579.27 See note
BRUNETTE 16 637.73 iP 07:22:01. 0 86.7
i 8 .8 94.5
e 26. 5 112.2
eS 23:04. 8 150. 5
e 20. 35 166.05
BRUNETTE 15 647.71 iP 03:22:26. 6 88. 1
1 G 0
Station Shot D istance Phase A rriv a l tim e T ravel T im e
(km) (GMT) 
H : M : S
sec
FREWENA 16 731. 57 eP 07:22:12. 81 98.49
e 13.45 99. 13
i 13. 77 99.45
e 49. 65 135. 33
FREWENA 15 741. 13 iP 03:22:38. 35 99.89
1 38. 73 100.27
WRA R4 16 851.76 eP 07:22:27 112.7
e S o r L 23:51 196.7
WRA R4 15 861.43 i(P) 03:22:50. 5 112. 0
i 53 114. 5
Note
WHA from  KCS at 579. 27 km. The a rr iv a l at 08:01:24. 97 is  from  a 
different event.
1 6  1
TABLE 7-4
T ravel T im es at WRA from  JOKER
P it L a t. Long. D istance Azimuth T rave l Tim e RTT
degrees degrees km degrees sec T _ A 
6
B 10 19. 76862 134.39417 11. 50 131. 2 2. 03 + 0. 11
2. 13
B 9 .79285 . 38530 12.83 143. 1 not recording
B 8 .81540 .38213 14.73 150. 0 not recording
B 7 .84227 .38080 17. 31 155. 3 3. 11 + .23
3. 53 + . 65
B 6 .85645 . 36852 18.29 161. 0 3. 28 + .23
3. 38 + . 33
3. 51 + .46
B 5 .87970 . 36754 20.71 163. 6 3. 69 + .24
3. 91 + .46
4. 01 + . 56
B 4 . 90497 .36049 23.23 167. 3 4. 10 + .23
4. 34 + .47
4. 44 + . 57
B 3 .92451 .35680 25.27 169. 3 4.47 + .26
4. 66 + .4 5
4. 73 + . 52
B 2 .94417 .35249 27. 34 171. 0 4.82 + .26
5. 02 + .46
5. 12 + . 56
B 1 .96097 .34775 29. 11 172. 6 5. 12 + .27
5. 35 + . 50
R 1 . 94411 .34084 27. 17 173. 6 4.78 + .25
R 2 . 94890 . 36554 28. 10 168. 5 4. 94 + .26
5. 00 + . 32
5. 12 + .44
R 3 .95000 .38831 28.79 163. 9 5. 04 + .24
R 4 . 95180 .40800 29. 62 160. 1 5. 17 + . 23
5.41 + .47
R 5 . 95949 .42763 31. 17 157. 1 5. 42 + .23
R 6 . 95525 .45576 32. 01 151. 9 5. 55 + .22
5.71 + . 38
1 6 2
P it Lat. Long. D istance A zim uth T ra v e l T im e RTT
d eg rees d eg ree s km d eg rees sec r p  A
T
R 7 . 95667 .47742 33.28 148.6 5.76 + .2 1
6 .10 + .5 5
R 8 .95724 .50191 34.74 145. 0 5. 97 + .1 8
6 .29 + .5 0
R 9 . 95911 .51630 35.79 143.2 6.17 + .2 1
R 10 .96107 .54195 37. 63 140.2 6.47 + .2 0
163
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the portab le  tape, when played back wide band into the pen reco rd e r , yielded 
a c lea r p ic tu re  for a ll except the KCS shot. In itially , th is was read  late, 
but a fu rth e r sea rch  using a ra th e r narrow  and high frequency band filte r  
of 8-10 cps on the high gain channel revealed  an e a r lie r  signal.
However, a t the W arram unga a r ra y  an event was read  4 seconds 
la te r than the expected tim e, and frequency filtering  did not reveal any e a r lie r  
signal. A v isu a l p layout, Fig. 7-7, did not show any coherent phases ac ro ss  
the a rra y . The ticks in this figure show expected a rr iv a l tim es for P^ .
In th is c ircum stance, the com puter methods under developm ent for co rre la tion  
analysis of a rra y  reco rd s  w ere invoked.
In th is  method, the signals from  each seism om eter of one line 
a re  added with tim e  delays appropria te  to  the azim uth and apparent velocity of 
the signal of in te re s t and c ro ss  co rre la ted  with the phased sum  of the other 
line. A peak of positive co rre la tio n  indicates a coherent signal with the desired  
c h a rac te ris tic s , while signals of o ther velocities and azim uths, and noise, 
a re  d iscrim ina ted  against. However, no signal n ear the expected tim e  is 
v isib le  in the c o rre la to r  p resentation , Fig. 7-8. A section of co rre lo g ram  
for a tim e when only noise was p resen t is shown below the event, fo r com ­
parison , and the expected tim e for from  the equation in Table 7 -5B is 
m arked with an arrow .
The event a t about 08:01:24. 5 is  from  the north  w est, and p ro ­
bably rep re sen ts  a sm all Banda Sea earthquake a rr iv a l. It was th is  phase which 
was m istaken for P ^  from  the KCS shot a t the in itia l reading of a single channel 
output.
Analysi s
1. The d istant a rr iv a ls
(a) Single lay er m odel. The leas t squares p rogram  was used  to  fit two lines 
to the tra v e l tim es . In Fig. 7-9, w here the readings a re  plotted, the points 
used in the leas t squares P line a re  shown as c ro s se s , those used in the P ^  
determ ination a re  shown as filled  dots, and other a rr iv a ls  as open c irc les .
L 6 5
1 GO
TABLE 7 -5.
P^ T rave l T im e Equations
TO - (t
sec
+ *
- av
k m / sec
Std. E r ro r  
sec
Comments
[0 ] 5. 88 0. 031 5 0. 247 C onstrained to  ze ro  in tercept. 
Includes Doomadgee reading 
of Shot 15, re s id u a l + 0. 76 
sec.
0. 14 0. 116 5. 93 0.019 4 0. 064 U nconstrained.
Excludes Doomadgee -  15
[O] 5. 92 0.011 4 0. 067 C onstrained to  zero  in te rcep t 
Excludes Doomadgee -  15
B - P^ T rave l Tim e Equations
10.98 1. 027 8. 38 0. 124 13 0.401 Includes WRA reading  of KCS 
re s id u a l + 3. 76 sec and also  
very  weak A u stra l reading 
from  JOKER shot, re s id u al 
+ 1. 81 sec.
10. 56 1. 034 8. 34 0. 121 12 0.402 Includes WRA -  KCS 
Excludes AULD -  JOKE
10. 32 0. 494 8. 35 0. 058 11 0. 120 Excludes both
I
[0
] 
+
167
Fig. 7-9. Reduced travel times - experiment WRAMP.
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To show the influence of neglecting doubtful readings, and contraining the 
P equation to zero  in tercep t, Table 7-5 shows sev e ra l trav e l tim e  equations, 
the la st of which is judged to be m ost re liab le  in each case*
A single flat layer of velocity 5.92 k m / sec overlying a m antle 
of velocity 8. 35 k m / sec , and with no dip on the in terface, would have a th ick ­
ness of 43. 3 km for the tim e in te rcep t of 10. 32 sec.
(b) T im e te rm  analysis . The residuals  from  the line however show a 
system atic  trend, and to elucidate th is , a tim e te rm  analysis was attem pted. 
The theory follows B erry  and West (1968) in the main.
Condition equations a re
T.. -  A ij -  a. - a. + e *  0
» —  1 j
w here T.. is  the observed tra v e l tim e 
ij
A .. is the observed distance 
ij
V is  the (constant) m antle velocity
a  ^ , a. a re  the tim e te rm s  at s ite s  i and j respectively
€ is the residual, assum ed norm ally d istribu ted  with zero  mean.
Introducing w« 1 fo r perfect data
w2 for im perfec t data
0 when th e re  was no observation
w here w is a weight between 0 and 1 expressing  the re liab ility  of an o b se r­
vation, and form ing norm al equations by taking the sum  of weighted squares 
of residuals , d ifferentiating with re sp ec t to the a. , and equating to  zero  fo r 
a minimum
N(j^i) N N N
2  a- w -• + a. 2  w.. * 2  T.. w .. -  2  A . w ..
j 3 13 1 j 13 j 13 13 T  j 13 13
which i s , in  m atrix  notation
The values can m ost easily  be filled  in  with the aid of a
0-
64
Fig. 7-10. The netw ork of observations made during  experim en t 
WRAMP.
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conventionalized network, with a num bered node for each reco rd e r a n d /o r  
shot, and a line for each observation. At each end of the line is w ritten  the 
weight factor w_ to be a llo tted  to  the observation (Fig. 7-10). Another network 
is then filled in with the weighted tra v e l tim es w ritten  along the m eshes, and 
a th ird  with the weighted d istances. M atrix  C is  then form ed by entering for 
each elem ent c_ the sum  of the weights of the m eshes connecting node i to 
node j. The i th  p rinc ipal diagonal elem ent is  ju s t the sum of weights of 
m eshes entering the i th  node, as one takes the successively  num bered nodes 
in turn . The checks a re  the sym m etry of the m atrix , and the fact tha t the 
diagonal elem ents equal the sum of a ll the o ther elem ents in the row. The 
j th  elem ent of column vector T is  form ed by summing a ll the weighted tra v e l 
tim es of the m eshes entering node j, and s im ila rly  fo r vector A .
In the light of the a rra y  re su lt that no a rr iv a l at WRA from  
the KCS shot can be seen, Fig. 7-10 should be modified to give th is  line 
zero  weight. But then the network is  deficient and no leas t squares solution 
is possib le. The d iscussion  in th is section is continued on the assum ption that 
a valid reading ex ists , although the num erical values a re  not significant.
The m atrix  equation is  solved for the A vecto r of tim e  te rm s 
by in v ertin g  C :
-  „  -1  1 ^ - 1 -  
A . a  C.. T. -  C.. A
J ij i —  lj l
Using the convenient m atrix  m anipulation lib ra ry  of subroutines 
for the IBM 360/50, a se t of p rogram s was w ritten  (Appendix 1), first to  invert 
C, and secondly to post m ultiply this with T or A .
A value fo r the velocity, V, was hand calculated on the lines 
suggested by B erry  and West(p. 146) but the value was unacceptably low 
because of the invalid WRA-KCS tim e. The estim ate  was a lso  of low p recision , 
because the observational network was only slightly redundant, in that the 
sam e tim e te rm  is assum ed for the JOKER shot and WRA record ings. The 
velocity adopted was th e re fo re  the linear leas t squares velocity, 8. 35 k m /se c , 
determ ined by ignoring the invalid tim e. This adoption has a lso  the advantage
of providing a num erical check. If the weights assigned to observations in 
the leas t squares analysis a re  the sam e as the weights in the tim e te rm  analysis, 
then f r o m  the definition of tim e te rm s ,
N
P
w here P is the num ber of m eshes, N the num ber of nodes, T q is  the tim e 
in tercep t of the 1 east squares line.
Although the re la tion  between tim e te rm  and in te rcep t tim e is 
so sim ple, the re la tion  that obtains between the velocity which would re su lt 
from  a tim e te rm  experim ent having adequate redundancy, and a velocity found 
by fitting a leas t squares line through the sam e observations is  by no means 
sim ple. The fo rm er need only be assum ed constant over the a rea , the la tte r  
is  a com plicated average of a ll the apparent velocities, affected by dip and 
s tru c tu re  of the in terface and by changes in overburden velocity. Only insofar 
as these effects average out w ill the leas t squares velocity approach the tim e 
te rm  velocity.
The sam ple variances of the tim e te rm s  a re
The sum m ations a re  for a ll condition equations, and N is the num ber of un­
knowns. The weights introduced into the condition equations influence the C „, 
so that the quality of individual data en te rs  naturally  into the solution. The 
degrees of freedom  te rm  in  the denom inator is reduced by 1 because a^ is  
indistinguishable from  a  ^ for i ^  j . Because the velocity used is  the least 
squares estim ate of the actual velocity, an additional te rm  is  added for its  
uncertainty.
1TABLE 7-6
CARP JOKE FREW AULD DOOM BRUN KCS
a 5.78 5. 66 3. 50 5.18 4. 53 4 .62 6.61
(V * 8. 35 )
pop.
S. E. + 0 .70 -  0. 85 - 0 .  96 -  3. 06 -2 .  58 - 2 .  54 -  1.61
a ' 5. 67 5. 98 3 .44 5.27 4. 65 4 .7 5 6.78
(V «  8 .35  )
pop.
S. E. -  0.51 - 0. 53 -  0 .70 - 1. 58 - 2 .  56 - 2 .  54 -  1 .31
The solution for the , and the standard  e r ro r s  on these  values, 
a re  tabulated as Table 7-6 . The f i r s t  rows give the values fo r a solution using 
the weights w ritten  in F igure 7-10, and for com parison a ' is  given for an equi­
valent solution using unit weights. These num erical values a re  not significant 
however, because of the fa lse  reading of KCS at WRA.
It is  of in te re s t that the population standard  e r ro r  estim ates 
tr
a re  sm alle r for the unweighed solution, because the reduction i n degrees of
A
freedom  outweighs the reduction in the sum  of squares of res id u als . This would 
not occur with a g re a te r  num ber of observations, and particu la rly  with m ore 
" re v e rsa ls" .
%/ f
The depths to the M ohorovicic discontinuity could be calculated 
from  the tim e te rm s . Taking into account a single layer of overburden of 
thickness and velocity over a c ru s t of velocity V and a m antle of velocity 
, an adequate approx im ate  form ula is  :
H = 1 (a. + Z (K -  K ))—  ' 1 o 1 o
where H is c ru s ta l th ickness
a. is the tim e te rm  
Kl =
cos i* 
Vo
and K = o
173
Fig. 7-11a. The Warraraunga array, the JOKER mine and elements of the 
geology of the Tennant Creek area.
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Fig. 7 - l ib .  The JOKER shot at WRA seism om eters. From 
top to bottom, seism om eters R l, R2, R3, R4, 
R5, R6, R7, B l, B2, and tim e.
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w here sin  i V1 and sin  i ’ Vas O
V Vn n
but the num erical values a re  not p resen ted , because of the invalid tim e 
mentioned above.
(c) F urther work. Since the tru e  values of tim e te rm s  a re  not calculable 
from  the p resen t data, the f ir s t  necessity  is  to observe at WRA another tim ed 
shot in the Mount Isa  d is tr ic t. Mount Isa  Mine fires  very  large shots on 
occasion, some of which have been recorded  as fa r as C harters Tow ers 
(750 km) and som e of the next s e r ie s  of shots at the mine should be tim ed. On 
the assum ption that the tim e te rm s  at Mount Isa  and at KCS (55 km fu rther 
east) a re  equal, o r sim ply re la ted  in som e way, the tim e te rm s  for a ll seven 
s ite s  could be calculated. A m ore elaborate  field ex erc ise  would be to  record  
the Mount Isa  shots at the FREW and AULD s ite s  as well, in which case  a ll the 
KCS observations could be checked. The shots could a lso  be reco rded  with 
advantage at the DOOM and BRUN sites, tying them  to the other s ite s  m ore 
securely .
2. The JOKER shot at the W arram unga A rray .
played out from  the re c o rd e r m agnetic tape onto a high speed u ltra -v io le t 
oscillograph, together with second m arks from  the a rra y  clock, which had been 
checked against radio tim e  signals. P events w ere scaled  to  the n e a res t 0. 01 
seconds, co rrec ted  for varia tions in second length and para llax  in the oscillo ­
graph, and the trav e l tim es calculated. The shot tim e should be accu ra te  to 
0. 1 second, and its  position within a few hundred feet. D istance and azim uth 
to  each seism om eter p it w ere calculated  with the T ran sv e rse  M erca to rs  p ro ­
gram . R esults a re  lis ted  in Table 7-4, and a general layout is  shown in 
Fig. 7 - l l a ,  while Fig. 7 - l l b  shows som e of the f ir s t  a rr iv a ls .
P re lim in ary  plots indicated that the tim es w ere a t leas t as well 
co rre la ted  with azim uth as they w ere with d istance (Fig. 7-12) at leas t for the
A rriv a ls  a t WRA se ism o m ete rs  from  the JOKER shot w ere
. 76
Fig. 7-12. Reduced travel tim es of JOKER shot at WRA seism om eters, 
as a function of d istance and azimuth.
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Fig. 7-13. The geom etry  of re fra c tio n  from  a c r o s s ­
dipping in te rface .
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lim ited  ranges observed. The velocity seem ed to  be about 6 k m /se c , and 
the in te rcep t tim e about +0.10 seconds. R esiduals from  the mean velocity had 
different trends along the "Red" line and along the "Blue " line.
These a re  the fea tu res to  be expected if  the a rr iv a ls  had been 
re frac ted  from  a layer about a k ilom etre deep under the shot, and dipping both 
in the d irection  of the se ism om eters  and a c ro ss  the line. Approxim ating th is  
re fra c to r  as a single flat layer, it is possib le  to  w rite  an equation connecting 
the p a ram ete rs  of the model with the tim e at a general point.
Let the shot be a t P and the j th station a t in F igure 7 -13.
E rec t a co-ordinate system  XYZ, w here X is in the dip d irection , Y along the
s trik e  and Z vertically  down, so that the bearing  from  north to the +X axis
is $ , and to  the station
o J
then 6 .  «  <f> -  <f>.
Y3 o j
The path of a ray  from  P to S. is  PLNS^ , and the tim e
3
T « PL  + NS. _______ 3 +
LN
~v7
PL  + NS.
3
P ’S' -  P 'L  -  NS’
P ’L
+
NS. NS’ 
1  -
V,V.
a.
3
+
+
P ’S’
P ’S’
which is notably s im ila r  to  the tim e te rm  equation of the previous section.
Instead of applying the tim e te rm  method, 
it is convenient to  evalua te  in  te rm s  of the
layer p a ram e te rs . For a^ , consider the
re fra c to r  plane.
PL  P ’L P P ’ cos i
V. ~v7
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but in the X-Z plane
P P ' = h cos 0
. h cos 0 cos i. . a *o -----——---------
but S. S’ « h cos 0 -  X. sin  0 
3 3
w here X. is  the p ro jection  on the X axis of A
(h cos 0 + A cos <j>j sin  0 )
cos i 
V.
For the th ird  te rm
P ’S’
V2
1
a
7^
( ( X. cos 0 )2 + Y.2
ii 2 2 -L(1 -  cos c|) s in  0 ) 2
T herefore , collecting te rm s
T « (2h cos 0 + A  cos <j> sin  0 )
+ b 
V2
2 2 ~ 
(1 -  cos <J> sin  0 ) z
b m o - 3
cos i
T rave l tim e  is  th e re fo re  a function of five variab les .
The problem  is a typical one of optim ization in a m ulti p a ram ete r 
space (Rostragin, 1965; Asbel, K eilis -B orok and Yanovskaya, 1966) and can 
be solved by seeking the s tr ic t  m inim um  in the R2 surface , w here
r 2  -  f  <T obs -  Tcalc >2 -  R < e > *o • h -Vl  - v 2 )
A p rog ram  was th e re fo re  w ritten  to calcu late  the sum  of squares of 
residuals , for varia tion  in the p a ram e te rs . (Appendix 1). Instead of providing
8 0
Fig. 7-14. Sums of squares of residuals in the vicinity of the minimum
001 
96- 
0$- 
I 
I 
o/Cj£ 
o90Z 
oSOZ 
qVQZ
1 8  1
for m achine ite ra tion , it was judged b e s t to in se r t variations in each p a ra ­
m eter in turn , and plot the th eo re tica l trav e l tim e  curve with the observed 
tim es, so that a decision on the next step could be made by the observer.
The optimum p a ram e te rs  a re  V «  5.42 k m /sec, V « 6.10
k m / sec, h = 0. 99 km, Dip * 5. 3 , Dip d irec tion  = 205. 5 . The sum of squares
2 2of residuals  is  only 0. 004566 sec , made up of 0. 001038 sec from  the red  line
2
residuals and 0. 003527 sec from  the blue. Except for station B10, the th e o re t­
ical re la tion  fits the observations very  closely. Another way of showing the
2
goodness of fit is  to plot R for varia tions in  each p a ram ete r (Fig. 7-14). The 
variab les w ere se t at th e ir  b e st values, and each was varied  in turn . I t is 
apparent that a s tr ic t  m inim um  ex ists, and these  a re  the p a ram ete rs  of the 
b est fitting plane re fra c to r.
Unfortunately, the c lo sest station, B10, has the la rg e st residual, 
and fu rth er work is needed, to  see if th is  is a re a l effect. Unfortunately also, 
the control on the depth under the shot, h, and the overburden velocity , V , is  
not adequate. As can be seen from  the form ula, h and in te rac t together 
but a re  only weakly influenced by the o ther th ree  p a ram e te rs . If h is too large , 
the solution can be im proved alm ost as w ell by increasing  V as by decreasing  h. 
This is ch arac te ris tic  of re frac tio n  experim ents, in  the absence of o ther knowledge 
of velocity. But if reflections from  the in terface  could be identified, the model 
could be adjusted in h and V to fit th is  data as well.
C onsider the plane of the re frac ted
ray  PLNS.. in Fig. 7-13. The re flec ted  
ray  w ill a lso  lie  in th is  plane, and if  the 
im age of in the line P ’S’ is S^1
PR. + R.S.*
3 J 3
V
1
~v~
(P 'S 1) + (P P l + P ’S ." )
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— 00 u_
TELESEISM RESIDUAL (SEC)
Fig. 7 -15. T elese ism ic  res id u als  against depth to the 6. 1 k m /s e c  re fra c to r. Pit 
BIO has been taken as origin.
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A  (1 -  cos cb. sin  0 ) + (2 h cos 0 + a  cos (j)^  sin  0)"
from  which it is  obvious tha t for the d istances and depths under consideration
only V w ill substantially  effect the reflec tion  tim e. T here a re  a few late
a rr iv a ls  which may be aligned on = 5.47 k m /se c , in  which case h would be
1. 09 km  for b est fit to the re frac tio n  re su lts . The sum  of squares of residuals
2
is  however, h igher than for the unconstrained solution, a t 0. 004930 sec .
The influence of th is  n ear su rface s tru c tu re  on te le se ism ic
signals is  of in te re s t. A vertically  trave lling  wave should be delayed in  d irec t
proportion  to  the depth of low velocity m a te ria l under each seism om eter. If
th is is the only effect acting on the wave, a plot of depth to the 6 .1 k m / sec
re fra c to r  under each pit, as pred icted  by the p resen t model, against te le se ism
resid u al should be linear. Such "pit co rrec tion" residuals  a re  p resen tly  being
studied by Dr. J . R. C leary and Mr. Cedric W right, and som e of th e ir  re su lts
a re  used in Fig. 7-15. P it B10 is taken as having zero  residual, and zero
th ickness of overburden for the purposes of the graph (this amounts only to a
shift in  origin). A dip of 5 degrees has been used; o ther dips w ill change the
ab sc issa  scale  nearly  linearly .
However, the linear tren d  is  only vaguely m anifest in  the
figure. The open loop shape of the curve is evidence tha t e ither the s trik e  of
the s tru c tu re  is  different from  that deduced in the re frac tio n  model, or tha t
another in terface,w ith  a d ifferent s trik e , contributes to  the te le se ism ic  delay.
%/ /
This may be an effect of dip on the M ohorovicic discontinuity. The m inor, but 
consistent, deviation at p its  n ear the c ro sso v e r point indicates m ore com plicated 
s tru c tu re  under th is  p a rt of the a rra y , and m ore recen t studies of te le se ism s 
indicate a m ore ex tensive  and variab le  s tru c tu re  than the p resen t model.
A field program m e involving sev e ra l m ore tim ed explosions 
close to  the a rra y , but a t d ifferent azim uths, would appear to be indicated.
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CHAPTER 8
TIME RESIDUALS FROM T E LESEISMS 
Introduction
In the determ ination of seism ic  velocity as a function of depth 
in the earth , the v a riab le  which en te rs  the equation is  the apparent velocity.
In studies using w idely sp read  stations, the observed variab le  is the trav e l tim e, 
and a num erical d ifferentia tion  m ust be perform ed  to  deduce the apparent 
velocity. The advantage of the seism ic  a rra y  is that apparent velocity is o b se r­
ved directly , so th a t the troublesom e differentiation stage is  avoided. But the 
sm all s ize  of an a r ra y  like tha t a t Tennant Creek m eans that very  sm all tim e 
differences a c ro ss  the  a r ra y  m ust be detected, and e r ro r s  a re  difficult to avoid. 
The la rg e r  s ize  of the local se ism ic  network would be an advantage in such 
studies. On the o ther hand, the difficulties of keeping accura te  tim e at the n e t­
work stations, the lack of reco rd s  which could be played back for fu rth er p ro c e ss ­
ing, and the incoherence between stations of local s tru c tu ra l effects would be 
expected to  be disadvantageous.
To exam ine w hether any advantage was to  be gained from  the 
s ize  of the network, the study repo rted  in th is  chap ter was undertaken.
may w rite
Theory
For the tra v e l tim e from  a d istan t earthquake to a station, one
w here
T.. -  S.. -  b .. -  b. -  b. -  € * 0
ij i] i] i  3
T.. is  the observed tra v e l tim e , 
ij
is  the standard  tra v e l tim e, from  tab les,
b „  is  a path te rm  to allow for the actual earth  differing from  the
standard  earth  im plied by S ,
b. , b. a re  source and station  re s id u a ls , 
i J '
t is  the e r ro r  te rm .
(8 - 1)
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This equation resem bles the condition equation for tim e te rm  
analysis, (Chapter 7) but sev era l differences m ust be borne in mind. F irstly , 
ne ither the orig in  tim e, nor the geographic co -o rd inates, a re  known, and m ust 
be estim ated from  se ism ic  readings. If the U. S. C. G. S. locations a re  used, 
then these  values have been estim ated  from  a sim p ler condition equation
T -  S . + € ’
ij Ü
(8- 2)
and the e 1 include contributions of the b te rm s , above. Secondly, -  b „  takes
the place of the sim ple te rm  ^ i  . The S is a com plicated function of both
V
distance and depth, while b_ is  an unknown which one seeks to  estim ate . The 
sim plicity  im parted  to  the tim e  te rm  equation by the fact of c ritic a l re frac tion  
at the deepest in terface, is  m issing in the te le se ism ic  situation.
Thirdly, the T_ te rm  includes the effect of e r ro r  in the computed 
origin tim e, which may amount to sev era l seconds and which may in te rac t with 
the focal depth determ ination.
To overcom e th ese  d ifficulties, it is  advantageous to take the 
difference in residuals . For the j th  and j+ l th  station
ij+1 Sij+1 ) - (Tir V  - <*>ij+ i V  - <Vi - v +
(8-3)
w here b., , the source te rm , has cancelled out. That is  to  say, e r ro r s  in the 
location, depth and origin tim e a re  cancelled out to f ir s t  o rd er, as is  the effect 
of any anomalous s tru c tu re  near the focus. The second o rder in teraction  between 
origin tim e and depth rem ains, however, and it is necessa ry  fo r the focal depth 
determ ination to be controlled  by close stations if th is  e r ro r  is to  be sm all.
Although the b e st p rocedure would be to perfo rm  a leas t square 
adjustm ent for the b est values of the two b te rm s, a s im p le r method was in fact 
used. C anberra was taken  as a base  station, and the difference in residual was 
reduced according to
b T. « 
J
b. -  (b . -  0. 5 ) J can j '
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TABLE 8-1
No, Lat. Long. Depth
(km)
M Date Origin tim e 
G. M. T.
1 2 3 .4°S 180.0° 525 5. 1 2 Jan. 1966 18:41:56. 3
2 2 3 .0°3 179 .1°E 544 5.0 3 Jan. 1966 00:42:00 *
3 2 0 .8°3 178. 5°W 543 5.7 17 Jan. 1966 17:49:59.3
4 18. 6°S 177. 8°W 364 5. 3 18 Jan. 1966 06:27:12.7
5 26. 6 3 178. 3°E 595 4. 9 15 Feb. 1966 22:14:43.2
6 26. 5°3 178. 2°E 593 5. 6 15 Feb. 1966 22:34:05.4
7 23. 8°3 179. 0°E 548 4 .3 16 Feb. 1966 16:23:20 *
8 19.4°3 177. 0°W 338 4.8 17 Feb. 1966 02:09:40 *
9
o
21.3 S 178. 3°W 480 4.3 18 Feb. 1966 04:58:46.8
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which is to say, a ll residuals  from  each earthquake w ere reduced to values 
com patible with C anberra = + 0 .5  sec, which is the value computed by Cleary 
and Hales (1986) in th e ir rev ision  of tra v e l tim es, but th is is an a rb itra ry  
constant, and C arder, Gordon and Jo rd an ’s (1966) value of +1. 2 seconds could 
equally w ell have been adopted.
While th is  method is  sim ple in p rac tice , th e re  a re  som e s ta t is ­
tic a l disadvantages. If a C anberra reading is  in e r ro r ,  th is e r ro r  is  thrown into 
each of the station te rm s  as a re su lt of forcing C anberra to the exact value, so 
tha t the e r ro r s  estim ated  from  the b* a re  too la rg e . F u rtherm ore , if the C anberra 
reading e r ro r  is  b iased, fo r exam ple if weak signals a re  read  late, then a ll the 
outstation m eans a re  s im ila rly  biased.
To avoid the la tte r, and m inim ise the fo rm er disadvantage, large 
im pulsive P phases w ere selected , while to reduce the effect of azim uthal v a r ia ­
tions (Bolt and Nuttli, 1966) not considered in  the theory , only one source region 
was considered.
M aterial and A nalysis
U. S. C. G. S, card s  w ere searched  for earthquakes occurring  
during January  and February  1966 in the F iji Island region, having m agnitudes 
above about 4, and depths g re a te r  than about 400 km. The final c rite rio n  however, 
was the p resence  of a sharp  P onset on the C anberra short period v e rtica l record , 
which could be read  to  0 .1  seconds. Nine such events w ere found, and a re  lis ted  
in Table 8-1. For each station  of the network, and fo r W arram unga, an attem pt 
was made to read  each event to  0 .1  seconds, but the attem pt failed fo r Geehi and 
Jindabyne w here the tim e re lay  and the clock respectively , w ere unserviceable 
for both m onths, and for Bogong and Buchan which w ere without radio tim e 
signals. For the sam e reason , only one reading was useable from  each of Avon 
and Inveralochy, while WRA which was settling  down a fte r insta llation  provided 
only two observations. T im es at Riverview w ere provided by M r. Frank Rhein­
b e rg e r.
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D istances w ere calculated  using a geocentric p rog ram  
developed by M rs, T illy Chamalaun, tra v e l tim es ex tracted  from  the Je ffrey s  
and Bullen (1940) tab les, e llip ticity  co rrections applied by Bullen’s (1937) 
method, and the residuals , observed minus computed tim e, reduced to  C anberra 
base. The re su lts  appear in Table 8-2. Doubtful readings w ere checked and 
the dashes in the tab le  indicate readings d iscarded , due usually  to doubtfully 
interpolated  tim e co rrections or defocussed photo record ings. Blanks have been 
left w here no reading was obtained, usually because of faulty reco rd s  o r obviously 
risky  tim e co rrections. At the base  of each column the station mean and its 
standard  e r ro r  is w ritten.
The sam e inform ation is p resen ted  in Fig. 8-1. Each se t of 
station reduced residuals  is plotted round its  stations mean, with an "equivalent 
su rface  distance" as absc issa . The station  m ean with standard  e r r o r  is  indicated 
to  the side.
"Equivalent su rface  d istance" is  the d istance from  the station  
to  the point where the ray  extrapolated  back from  the station  through the  focus 
would come to the surface. It allows the residuals  to  be com pared with su rface  
focus trav e l tim es (for example C leary and Hales, 1966; C arder, Gordon and 
Jordan, 1966). To sufficient accuracy , it w as found by plotting the f i r s t  d iffe r­
ences of the JB tab les  against distance, with depth as p a ram ete r, smoothing these 
by a s e r ie s  of s tra ig h t lines in the range, and reading a c ro ss  from  the focal 
d istance and depth to the surface equivalent. A check using Hodgson and S torey’s 
(1953) extended distance table showed the g raphical method to  be adequate.
It is  quite obvious tha t WRA has a significantly d ifferent res id u al 
from  the sou th-east A ustra lian  stations, but not so obvious whether th ese  differ 
am ongst them selves, so s ta tis tic a l te s ts  w ere made. F irstly , the variances 
w ere te sted  against the hypothesis tha t they a ll w ere from  a single p a ren t popu­
lation. The ra tio  of la rg est to  sm alles t variance was 5 .4  on five and four degrees 
of freedom , which is significant a t the 10% level, but a B a r tle tt’s te s t  (Brownlee, 
1949) using all the sam ple variances showed the varia tion  to be significant only 
at the 40% level, and the hypothesis was accepted tha t a ll the sam ples w ere  from
190
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a homogeneous population. The hypothesis was then tested  tha t each station
mean differed from  the grand mean of a ll SE A ustra lian  reduced residuals. The
2
pooled m ean was 0. 63 sec, the pooled variance 0. 0330 sec and t  te s ts  gave
J. I O
the levels of significance at the base  of Table 8-2.
Stations CAB, WAM, WER and JNL a re  significantly d ifferent 
from  the SE A ustralian  mean, F u rth er testing  showed that although DLN is 
d ifferent from  C anberra at the 5% level of significance, HLA, RIV and MTV are  
not significantly d ifferent from  the  base. C orrections for elevation of each station, 
using the s tru c tu re  of Doyle, Underwood and Polak (1966) and an average angle 
of incidence of 30° , w ere applied, without a lte ring  the levels of significance very 
much. M ore observations, especially  from  MTV, may show significant differences 
to exist.
What does appear from  the elevation co rrec ted  re su lts , is the
close s im ila rity  in m eans of Sydney basin  stations (WER, RIV, HLA) and the
association  of DLN but not JNL with this group, and the large d isparity  between
the Snowy Mountains stations WAM and CAB. This la s t re su lt was suspected from
the P observations (Chapter 5), and it is  unfortunate tha t GHI w here the P n n
residuals w ere m ost suggestive, was not able to  be included in the p resen t 
analysis.
The W arram unga re su lt, tha t a r r iv a ls  a re  about 1 -1 /2  seconds 
early  on JB while sou th-east A ustra lian  stations a re  about 1 /2  second late, is  
in line with Cleary and Hales (1966) observation that stations on P reC am brian  
shields have negative residuals , com pared to  the slightly  positive residual of 
stations in Recent and T e rtia ry  epeirogenic zones. But as WRA is at a d ifferent 
azimuth, and further away from  the focal region, m ore work is  indicated.
The difference is so pronounced, so easy to observe, and the 
inform ation accum ulates so rapidly from  deep F iji earthquakes, that a tra v e rs e  
of tem porary  seism ograph stations ac ro ss  the in te r io r  of A u stra lia  should be an 
efficient way of gathering inform ation about the regional s tru c tu re  of c ru s t and 
mantle.
Up to the p re sen t point, the analysis has used Jeffreys and
1 9 2
Bullen’s tra v e l tim es. Recent proposals to amend the standard  tab les (C leary 
and Hales, 1966; C arder et a l . , 1966) prom pted an exam ination of the te rm  
in equation (8 -3). F irstly , as an approxim ation, a s tra ig h t line was fitted to  
the points of F igure 8-1. The slope of residuals  about station m eans against 
equivalent su rface  d istance was -0. 0137 seconds per degree, with a standard  
deviation of -  0. 0158. Obviously th e re  is  no significant dependence of residual 
against distance. That is , -  b ) is  not significantly d ifferent from  zero
for the data.
Next, the data was reduced with the C leary  and Hales trav e l 
tim e curve. The CH absolute differences (Table 2, Column 6) a re  plotted at 
the base  of F igure 8-1, and a smooth curve has been sketched through the 
points, and it is  from  th is  curve that the individual observations have been 
co rrected . F igure  8-2 shows the residuals  around the new station  m eans. The 
trend  with d istance is 0. 0426 seconds p e r degree, with standard  deviation 
-  0. 0174. The difference in slope between th is reduction and the previous one 
is  highly significant by Behrens te s t, and the slope is  d ifferent from  zero  with 
significance a t the  2% level.
The am endm ent proposed by C arder et al. (19661 which is also  
sketched at the bottom  of F igure 8-1, would produce a slightly s teeper slope, 
certa in ly  d ifferen t from  zero  at a high level of significance.
This re su lt is  not unexpected. Probably th e re  is no single 
world wide tra v e l tim e curve fo r d istances le ss  than 30° , and C leary and
7 0 0
Hales avoided c lose events in th is expectation. C leary 's  (1967^ p .£) rev ision  
of tim es to  A u stra lian  stations from  M arshall Islands events may indicate a 
le s s e r  slope of d ifferences from  JB, a t d istances le ss  than 40°. That p a rt of 
C arder et a l’s data in th is range which was collected  in the region, a lso  shows 
a lower slope than the rem ainder which re la te s  mainly to Europe and North 
A m erica.
The fact that the co rre la tio n  with d istance of the residuals is 
sm all only for the Jeffreys and Bullen reduction indicates tha t these  tab les 
p red ic t the observed  apparent velocity b e tte r than the o thers. The inference 
is tha t the velocity depth s tru c tu re  derived from  the JB tim es is  c lo sest to the
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s tru c tu re  of the re a l earth  along the wave paths studied. The rays reach  
th e ir  g rea te s t depths of 800 to 900 km beneath an a rea  north west of Norfolk 
Island, and th is region is  th e re fo re  likely to be one w here the standard  s tru c tu re  
closely  approxim ates the re a l one.
Conclusions
It is  not possible using the above method to  find the absolute 
value of the velocity, e ither at the deepest point or at any shallow er point along 
the way. It is only possib le to  make the m ore lim ited statem ents tha t the 
velocity gradient observed is  well explained by the Jeffreys and Bullen model, 
and tha t th e re  a re  regional d ifferences between the m antle velocities under 
stations.
The method is th e re fo re  a very  suitable one for a network, 
because of the b e tte r control on the apparent velocity determ ination resu lting  
from  the la rg e r size  of network than usually  is possib le  with an a rray . The 
necessity  of p rec ise  tim ing at each station make the provision of signal te le ­
m etry  to  one cen tral re c o rd e r and clock an a ttrac tive  one. Much could, however, 
be achieved by a ra th e r lim ited program  of tem porary  recordings of te le se ism s.
t o n
CHAPTER 9
STUDIES OF VICTORIAN SEISMICITY 
Introduction
The southeast Australian network was extended into Victoria 
by the writer, and the present chapter displays the results obtained from 
operation of this part of the network. A collection of historical matter is also 
included. Analysis reveals a consistent pattern of earthquake occurrence.
Historical Seismicity
The Victorian Government Astronomer’s records of earthquakes 
felt in Victoria are collected in a number of manuscript books and clipping 
books, and are held in the Melbourne Observatory Group of the Bureau of 
Mineral Resources, which inherited the seismological functions of the State 
organization in about 1950. A list (Appendix 2) of over 280 earthquakes felt in 
Victoria has been compiled from these, from a further manuscript in the 
Geological Library at the University of Melbourne, and from a number of refer­
ences. (A special list of the sources is included as Table 2 of Appendix 2. These 
are not included in the Reference list unless referred to in another part of the 
thesis as well).
Not all the earthquakes felt in Victoria would have been reported. 
European settlement commenced in 1835, and by 1850 all areas except the 
mountain forests of Gippsland and the Otways, and the drier reaches of the 
Mallee, were taken up as sheep runs. Only a few shocks, all felt in
Melbourne, have been reported. No doubt news of natural phenomena travelled 
slowly, and gained little credence. But after the discovery of gold in 1851, 
the colonial population rapidly increased, the most remote new areas were 
visited by the diggers, and an interest in practical geology was universally 
professed. But few reports have been tabulated, and the attention of the Govern­
ment Astronomer seems to have first been drawn to seismology by the extra­
ordinary swarm of earthquakes in 1883, 1884 and 1885. A number of these were
96
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Fig. 9 - 1 .  Historical seismicity of Victoria. The numbers are the 
total of felt earthquakes from Table A2-1 which appear 
to have had their epicentres in the one degree ’’squares".
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felt in coastal V ictoria  and some in  M elbourne. Lighthouse keepers at Gabo 
Island and elsew here w ere rec ru ited  to  re p o rt the tre m o rs  they fe lt, and all 
rep o rts  w ere carefully  en tered  at the O bservatory. In te re s t continued until 
about 1914, but declined a fte r that until about 1932 when W. M. Holmes worked 
out an ep icentre fo r the Mornington earthquake of tha t y ear (Holmes, 1933).
Since then, th e re  has been a tendency to  w ork from  instrum ental locations, and to  
collect felt rep o rts  only incidentally.
The num ber of earthquakes occurring  in one degree "squares"  
has been plotted in Fig. 9-1. As locations a re  only approxim ate, th is  coarse  
spacing is  a ll tha t is  w arran ted . When a rep o rt is from  a locality n ear a 
boundary, a fractional count has been allo tted  to each square. The num bers 
ringed, with an arrow , a t eas t and w est show the num bers of shocks, originating 
beyond the boundaries of the a rea , which w ere felt in V ictoria. No attem pt 
has been made to  include Tasm anian earthquakes.
The m ost obvious feature is  the concentration of shocks round 
M elbourne, which is m ainly but not en tire ly  a reflection  of the centralization  
of V ictorian population. Next, it  may be rem arked  that m ore shocks a re  
repo rted  from  east of M elbourne than from  the w est. This is despite the 
sca rc ity  of population in the E astern  Highlands, and re fle c ts  the m ore active 
tectonic reg im e to  the east. But th e re  a re  p e rs is te n t rep o rts  of earthquakes 
in the a re a  cen tred  on W edderburn in the northw est. The la rge  num ber of 
shocks repo rted  from  the fa r  east of the State is  due to  the rep o rts  from  the 
Gabo Island lightkeeper of the 1883 sw arm .
A num ber of aftershocks have been om itted from  the count, 
because it is  usual to find only a general comment tha t th e re  w ere "severa l 
aftershocks" in the re p o rts . This om ission probably helps to  re ta in  the re a l 
pa ttern  of seism icity .
Earthquakes in V ictoria 1959-1966
In 1956-1958, new instrum en ts  well adapted to local earthquake 
recording w ere insta lled  in M elbourne, C anberra and in the Snowy Mountains.
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A num ber of earthquakes w ere located in V ictoria, so new stations w ere 
com m issioned at Bogong in 1963, and at Buchan and Mount T assie  in 1964. The 
M elbourne station was tra n s fe rre d  to Toolangi in  1962, and a te lem etered  
instrum ent cam e into operation at M elbourne in 1965. With these  instrum ents,
175 shocks w ere located.in  the seven y ears  1959 to 1966. These a re  tabulated 
in Appendix 3.
W here the data have been p ro cessed  by com puter, locations 
a re  expressed  with standard  e r ro r s ,  ep icen tres to  the th ird  decim al place, and 
origin tim e to 0 ,1  seconds. Depth estim ates which a re  bracketed  a re  those 
which failed to  converge (Chapter 3, page 50  ).
Next m ost re liab le  a re  the locations made graphically  on a 
scale of 1 : 1 m illion. These a re  expressed  in degrees and m inutes, with origin 
tim es to the n eares t second. It has not been possib le to  determ ine focal depths, 
nor e r ro r  estim ates for th ese  locations.
In a ll cases, a comment is  given showing the location of the 
n eares t feature on the Geographic S eries m aps. R eliability  is fu rth er distinguished 
in the comments by the w ords "probably" for shocks which could only be located 
to  a few tens of k ilom eters, and "possibly" w here g ross e r ro r  may exist, for 
example if only two stations recorded  recognizable signals, and a choice of 
in tersec tions had to be made.
"M agnitudes" have been calculated from  the maximum double 
amplitude on the v e rtica l sh o rt period component. A d iv iso r expressing  the 
ra tio  of the velocity m agnification of each instrum ent in the period range 1 / 2  to 
1 second, to  that of a W ood-Anderson instrum ent in  standard  adjustm ent has been 
applied, but the possib ility  of varia tion  in the ra tio  of horizontal to  v e rtica l m ove­
ment has been ignored. The d iv isors a re  :
C anberra 18 Buchan 5
Snowy Stations 40 Mt. T assie  low gain 2
Bogong MK I 4 Mt. T assie  high gain 40
" MK II 40
199
Fig. 9-2. Seism icity of V ictoria 1959-1966 inclusive. The magnitude num bers 
a re  plotted at the computed epicentre. A ring indicates a f te r­
shock, an X indicates an inaccurate  location.
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This method not only gives in ternally  consistent re su lts , but 
a lso  produces num bers consistent with the local magnitude scale  of R ich ter 
(1935), as com parison between Wood A nderson and Benioff sho rt period v e rtic a l 
reco rd s  of the sam e shock have shown (C leary, 1963).
W here a magnitude is bracketed , some doubt as to  the co rre c t 
value ex ists. The value adopted is conservative, and no la rge  shocks a re  
involved.
Some earthquakes w ere reco rded  at sufficient stations to be 
located in the routine work of the United S tates Coast and Geodetic Survey. These 
a re  m arked by the com m ent: (USCGS). Depths a re  re s tr ic te d  in those case s  w here 
(R) appears a fte r the value. The m agnitudes tabulated, however, a re  local sca le  
magnitudes as described  above, not the body wave magnitude ( m ) quoted by 
the USCGS, which is  generally  sm alle r in th is  range by m ore than half a unit.
These ep icen tres have been plotted on a map, Fig. 9-2. The 
num ber is  the magnitude, as  follows
X event inadequately located, or
1 Magnitude 1. 0 to  1. 9 inclusive
2 u 2 .0  to  2. 9
3 3. 0 to  3. 9 ”
4 I T 4. 0 to  4. 9 "
5 1 1 5. 0 and over
A c irc le  indicates a sw arm  or aftershock sequence, the num ber being the 
magnitude of the la rg e st shock of the s e r ie s .
Several fea tu res  displayed by th is  map a re  worthy of notice:
(1) The concentration of shocks around C orner Inlet and the South Gippsland
Hills is well known. A ftershock sequences a re  often observed in th is  
a rea .
(2) There is a preponderance of earthquakes east of M elbourne ra th e r than
to the w est. All the record ing  stations a re  east of M elbourne, so  tha t 
identification and location of a shock is favoured in the east. But the 
sam e effect occurring  in  the h is to rica l data and shown in F igure 9-1
2  0 1
indicates that th is is a re a l difference, with tectonic significance.
(3) Earthquakes located n ear M elbourne, and in the w estern  p a rt of Gippsland,
a re  r a re  com pared with the h is to ric a l record . One difficulty in such 
work is  to distinguish large  quarry  b la s ts  from  sm all earthquakes, 
especially  round cen tres  of population and industry , and it is  possib le 
that a few earthquakes have been wrongly re jec ted  because they chanced 
to occur during working hours when b la sts  a re  likely. But th e re  seem s 
to have been a re a l diminution in activ ity  in W est Gippsland.
(4) High activity occurs along the coast eas t of Cape Otway. The la rg e st
earthquake in the period studied, magnitude 5. 7 , on 14 Septem ber 1965, 
occurred  in  th is  a rea , and it  was preceded by a magnitude 5. 0 shock 
20 minutes e a r lie r . T here  w ere sev e ra l aftershocks.
(5) An in teresting  feature of the se ism ic ity  is an association  between e a r th -
o o
quakes in the cen tra l Tasm an Sea, near 40 S, 155 E (off the edge of the 
figure) and o thers at the sam e latitude ju s t east of F linders Island.
On two occasions, earthquakes of the eas te rn  group have been followed 
by shocks at the w estern  end
1961 Jan  22 14:43:55 39°30,S 155°30'E M » 4  S. Tasm an Sea
i t ” 22 18:39:45 40° S 155°30’E M « 4  i t  t t  i t
i t Feb 3 14:37:45 40°S 148°30'E M * 4 E ast of F linders I.
1966 Oct 27 00:25:46 40° S 154°30,E M = 4 -3 /4  S. Tasm an Sea
i t i t  i t 01:06:22 40°S 149°45*E M * 3 -1 /2  E. of F linders I.
but th e re  have also  been unassociated  shocks,
1961 Sep 12 07:13:09 40. 7°S 156. 6°E M = 4 -1 /4  S. Tasm an Sea
1965 M ar 18 18:09:31.1 40°12'S 149°36*E M = 5 Continental Slope, E ast 
of F linders I.
1966 Dec 15 19:08:29. 1 40°24»S 155°24’E M « 5 -1 /2  South Tasm an Sea
A search  through the p re lim in ary  re su lts  for January  1967 does not 
reveal any shocks n ear F linders  Island which could be associated  with 
the la st of these.
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A  sea rch  was made to  see  if any topographical feature of the sea 
floor was associated  with th is seism ic  pattern . Sheet 443 of the com pilation 
of soundings p rep ared  by the Hydrographic Office, R. A. N . , was contoured, 
with in te rva l 500 and 100 fathom s. No east w est featu re  was found, but only 
iso lated  lines of soundings have been made and a fea tu re  may have been m issed. 
There is  an offset in the 1300 fm contour at 40°18,S which may be significant, 
but the region of the ep icentres in the cen tra l Tasm an Sea is  beyond a m ajor 
ridge trending NNE-SSW. The shocks may have been m islocated in such a way 
tha t th e ir actual positions a re  associated  with the ridge.
A sounding program m e in th is  a rea , and m arine refrac tion  
profiles to  estab lish  m antle P  velocities, p rep a ra to ry  to  a carefu l red e te rm in ­
ation of shocks in the Tasm an Sea, would be w orthwhile p ro jec ts.
(6) N ear M oondarra (146°22’E, 38°02’S) in Gippsland, th e re  is an active seism ic  
a rea . The existence of th is  fea tu re  is  confirm ed by the num ber of h is to rica l 
rep o rts  of earthquakes felt in  the a rea , but its  p resence  has not previously been 
noted, to the w r i te r ’s knowledge. The geological setting  of th is  a rea  is  in te re s t­
ing. The Palaeozoic te r ra n e  around M oondarra is in general ch arac te rized  by 
folding on north-south  axes, by m etam orphosed generally  bathyalic sedim entary 
rocks, and by igneous in trusion . Im m ediately to  the south, however, ’’the 
east-w est alignm ent of the [ M esozo ic-T ertia ry  ] Bass S trait b a s in s  . . .  is 
d irec tly  athw art the north -sou th  Tasm an tren d  . . . ” (Weeks and Hopkins, 1967a 
page 746), and the north bounding fault of the Gippsland basin  appears to  hinge 
in the heavily block-faulted M esozoic of th is a re a . From  the p resen t study, 
it seem s that se ism ic  activity  is  confined to the a re a  of Palaeozoic outcrop, 
but that the active a re a  is longest in an east-w est di rection . I t may be im portant 
that both the M oondarra se ism ic  a rea  and the South Gippsland Hills active a rea  
a re  situated w here highlands in the north give way to lower country, probably 
with step faulting.
T here  is  som e p rac tica l im portance in the identification of the 
M oondarra a re a  as a se ism ic  one, because i t  is  beside the developing industria l 
and population concentration of the Latrobe Valley. The h ill country has already
1 2  3 4 5 6
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Fig. 9-3. Earthquake recu rren ce  diagram s for Southeast 
A ustralian  seism ic  a reas . See text.
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one w ater supply dam, and m ore such w orks w ill become n ecessa ry  in the 
fu ture. Dr. J . R. C leary of th is departm ent has th e re fo re  a rranged  for a seism ic 
re c o rd e r  to  be operated at the M oondarra dam, and close studies of th is  a rea  
should be very  worthwhile.
R ecurrence rela tionsh ips
The num bers of shocks in in te rv a ls  of one half of a m agnitude 
unit w ere counted, and a cumulative graph drawn (Fig. 9-3). The ordinate has 
a logarithm ic scale . This figure has the typ ical form  of a re c u rre n ce  re la tio n ­
ship. Fitting a form ula of the type lo g ^  N *  A -  bM to  the lin ea r portion 
of the graph by eye gives A * 3. 71; b *  0. 6. It is  unusual for the ra tio  b to  be 
so low; typical values c lu ste r round 0. 8 to  1. 0. The low value im plies tha t th e re  
a re  m ore la rg e r earthquakes than might be expected from  a w orld-w ide average. 
This con trasts  with the Dalton-Gunning region, w here
log N * 5 .1 -  1.45 M .
This form ula was calculated from  data in C leary (1967 a).
It re flec ts  the fact that th e re  a re  many sm all shocks in  the Dalton- 
Gunning region, and few large ones. The data fo r the Snowy Mountains region 
ex tracted  from  C leary, Doyle and Moye (1964) is  a lso  plotted in F igure  9-3, 
both with and without the B e rr id a le  sequence. It shows a com plicated behaviour, 
somewhat pertu rbed  by the sm allness of the sam ple, but generally  conform ing 
m ore to  the "V ictorian” style of recu rren ce  than to the "Dalton".
The sam ple for V ictoria covers eight y ears , and extrapolating 
the curve to h igher m agnitudes it is  possib le  to p red ic t that a m agnitude 7 
earthquake may occur in the V ictorian a rea  once every  twentyfive y e a rs , which 
seem s on the h is to rica l evidence, much too sh o rt a tim e. F or Dalton, on the 
o ther hand, 376, 000 y ears  is  pred icted  to elapse between magnitude 7 events, 
on the average. Such estim ates, however a re  extrapolations sensitive  to  e r ro r ,  
and may be quite fa r from  reality .
Below magnitude 3 -1 /4 , the num ber of shocks reco rded  falls 
increasingly  below the s tra ig h t line form ula. This is  inevitable because  sm alle r
2 0 5
Fig. 9-4. H istogram s of the frequency with which the tim e in terval AT had 
the stated number of earthquakes, in V ictoria.
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earthquakes a re  lost in the background of noise. For a m ore closely spaced 
network, the magnitude below which earthquakes a re  lost is sm alle r; for 
example the Dalton curve is lin ea r down to  about 2 -1 /4 , and the Snowy curve 
probably down to about 2.
The D istribution of V ictorian Earthquakes in Tim e
Another type of analysis may be made from  the data, by taking 
the num ber of earthquakes in each m onth, and form ing a h istogram  of the 
num ber of months with the stated  num ber of events. The re su lt is  plotted in 
Fig. 9-4, along with a s im ila r  count, p e r  year, of the h is to ric a l data. If the 
earthquakes a re  perfectly  independent, r a re  (that is , isolated) random  events, 
a ll of which a re  equally probable in a spatially  homogeneous region, then a 
Poisson  law should fit the h istogram s (Lomnitz, 1966). A ch i-square  t e s t  
shows that the data certain ly  does not follow such a law. The im plication is 
tha t one of the assum ptions is invalid. Lomnitz points out tha t sp a tia l inhom o­
geneity is alm ost always p resen t in  seism ic ity  data and certain ly  th is  is  tru e  
of the p resen t se ts  of data. But although the theory  extended to  the inhomogeneous 
case p red ic ts  the shape of h istogram  shown in Fig. 9-4 for the h is to rica l data, 
nam ely too many zero  event y ears  and too few one-event y e a rs , it  is much m ore 
likely that in te re s t in reporting  of events has waxed and waned over the y ears , 
leading to a tim e inhomogeneity. It is  noticeable tha t public in te re s t in c reases  
when earthquakes a re  ’’new s1', and d ecreases  when no large  or close shocks a re  
being experienced. Such a fluctuation of in te re s t should not appear in the 
instrum ental data, but the sam e effect may come from  om ission of low magnitude 
events. This may be dem onstrated  by rem oving a ll events of magnitude lower 
than 3 -1 /4  from  the count, resu lting  in the cen tra l h istogram , which indeed 
shows a g rea t num ber of months with no la rg e  shocks. It is  possib le  to  avoid 
som e of th is trouble by grouping in  c lasses  each two months long. T here  a re  
two ways of doing th is , depending on starting  date, and both a re  shown in the 
fourth h istogram . T heir difference is som e m easu re  of the stab ility  of the 
s ta tis tic s  and is  shaded. The h istog ram  is  decidedly m ore Poisson, with
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Fig. 9-5. Strain re lease  diagram  for Victorian ea rthquakes.
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expectation p aram ete r varying smoothly from  2 for one o r m ore shocks p e r 
in te rva l to  5 for twelve or m o re  shocks p e r  in terval.
It may th e re fo re  be concluded that the occurrence of earthquakes 
in V ictoria  is  not a random p ro cess , but tha t th e re  is  som e so rt of c lustering  
in space, or tim e, or both.
Strain R elease
That th e re  is som e relationship  between shocks can be seen if 
the m agnitudes of shocks a re  taken into account. I t is  conventional to  plot a 
function called ’'s tr a in " , from  the form ula
S train  *  J 2, « antilog (4. 5 + 0 .9  M)
on the assum ptions tha t magnitude is  p roportional to  the logarithm  of the energy 
re leased  by an earthquake, and fu rther tha t th is  energy is  quadratic in the 
s tra in . Although th ese  a re  c lea rly  oversim plified  assum ptions, and although 
some revision of the num erical factors is  possib le , the form ula has been used 
to compute s tra in  re le a se  for a ll the shocks lis ted  in Table A3-1 (Fig. 9-5).
C learly, two quite different types of tectonic reg im e have been 
acting. The f ir s t  appears to  have com menced about 1959 although detailed 
re su lts  did not begin to  accum ulate until th is  tim e, when new stations began to 
operate. S train  re lease  is  proportional to  the logarithm  of tim e
S = (0.878 log T - 2 . 1 5 )  x 1010
w here is the s tra in  re le a se  in (erg)2“
T is tim e  in days from  1 January  1959. This re la tion  is shown dotted 
in the figure.
Commencing in October o r November 1964, s tra in  re le a se  has 
been linear with tim e
S «  (0. 002135 T -  3 . 8 6 )  x 1010 ,
Lk
and th is  new regim e continues to  the end of the period studied. This is  a c lass ic  
"locking" sequence (Benioff, 1955). During the reg im e, the p a rts  of the a rea
2 0 9
w ere locked tightly together, and only the s tra in  accum ulated from  p r io r  to  
locking was being re leased , at a ra te  p roportional to the rem aining s tra in . On 
the 14th November, 1964, an earthquake of m agnitude 4 .4  in the unusual 
location between King Island and northw est Tasm ania occurred , and it is 
tem pting to identify th is as the breaking of the lo ck ; especially  as it was 
followed by a magnitude 4 -1 /4  shock at G reat Lake, Tasm ania, on 9 Decem ber 
1964, Since then, s tra in  has been re leased  a t a ra te  governed by the ra te  of 
accum ulation. This ra te  is  one o r two o rd e rs  of magnitude lower than in active 
regions however :
V ictoria B SS 0. 2 x 108
Deep Kerm adec B ES 161 x 108 afte r 1932
Deep South A m erican B = 73 x 108 before 1922
i t  n  n B ES 15. 9 x 108 afte r 1922
Shallow South A m erican B S* 153 x 108
(data from  Benioff, 1949, 1955).
The form  of the curve is  a lso  often observed in  aftershock 
sequences; extrapolating to e a r lie r  tim e indicates an initiation tim e no e a r lie r  
than the end of 1958. T here  seem  to  be no la rg e  enough shocks in V ictoria during 
th is ti me. On the o ther hand, the magnitude 5 B errid a le  earthquake of 18 May 
1959 would be a t about the right tim e. It then may have locked the region until 
the Tasm ania shocks unlocked it. One might speculate  tha t as the V ictorian 
a rea  was not re leasing  externally  accum ulating s tra in , th is  built up until a 
d ifferent locality failed, and th is  was the R obertson a rea , south of Sydney, w here 
a magnitude 5 -1 /2  shock occurred  on 21 May 1961.
An alternative  way of looking at the two curves and S^ is  in 
te rm s  of creep  behaviour. S^ would be called " tran sien t creep" in the language 
of the theory of the solid s ta te  (Robertson, 1964). T ransien t creep  occurs w here 
the absolute tem p era tu re  is  less  than about 20% of the m elting tem pera tu re , so 
tha t th is behaviour would not be expected in e ith e r the c ru s t or the mantle.
D eeper in the upper p a r t of the m antle the m elting tem p era tu re  is  approached
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and perhaps exceeded in places. "Steady s ta te  creep" is indicated at te m p e r­
a tu res above about 40% of the m elting tem p era tu re , w here as the name im plies, 
the s tra in  ra te  is  not dependent on the tim e. This is the behaviour shown by 
the S portion of the s tra in -re le a se  d iagram .
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It m ust be considered th e re fo re , both from  the "locking" 
model and from  the "creep" model tha t S rep re sen ts  the norm al behaviour of 
s tra in  accum ulation and re lease  in V ictoria, and tha t between 1959 and 1964, 
low s tra in  re lease  occurred.
R ecurrence curves for each of the periods w ere plotted 
(Fig. 9-3), and stra ig h t lines drawn through the h igher magnitude segm ents. 
The equations a re  :
For si logio N * 4.14 - 0. 790 M ; A M = 0 , 5, 2 N  * 104
for S2 logio N == 10.31 -  0. 397 M ;; AM  « 0. 5, 2 N  * 60
but the num bers in the sam ples a re  ra th e r sm all, and th e re  is  som e instab ility  
at the higher m agnitudes. It is  apparent, however, tha t the period of behaviour 
has a value for the ra tio  "b" very s im ila r to  w orld wide average values. But 
ne ither the sum m ary by Ryall, Slemmons and Gedney (1966) for the W estern 
United States, nor the sum m ary in I sacks and O liver (1964) has a "b" value 
as low as that computed for the period of S behaviour. Even if the likely bias 
of high magnitude counts due to the sm all sam ple size  is  allowed for, the slope 
would not be g re a te r  than about 0. 5. These facts indicate tha t the m echanical 
p roperties  of the region a re  no d ifferent from  those of other p a rts  of the world, 
and tha t when no ex ternal s tra in  is applied i t  produces a norm al "b" value and 
a logarithm ic decreasing  s tra in  re lease , but tha t the input of s tra in  to the region, 
indicated by type s tra in  re lease , causes la rg e r  shocks to occur m ore 
frequently.
The d irec tion  of the fo rces giving r is e  to  the s tra in  has been 
tre a ted  in Chapter 4. T here  it was concluded tha t the com pressive p rincipal 
s tre s s  axes for a num ber of earthquakes tend to  c lu ste r in the  northw est to 
w est direction, while "tensile"  p rincipal s tre s s  axes tend to be nearly  v e rtica l
2 1 1
and the in term edia te  axes a re  southwest and nearly  horizontal.
It is  tem pting to  speculate tha t these  forces have an u n der­
lying cause, and that th is cause is a spreading of the Tasm an Sea. The very  
steep continental slope, very close inshore, off the east coast from  Byron Bay 
to  B ass S trait, and the apparently very  sudden in c rease  in Houguer gravity  
at the edge, a re  consistent with ocean floor spreading from  the T asm an and 
downwelling under th is  p a rt of the east coast. It may be h e re  tha t the  youngest 
stages of an oceanic trench  a re  forming.
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CHAPTER 10
THE MOUNT HOTHAM EARTHQUAKE 
Introduction
In con trast to the general survey  of V ictorian seism icity  p resen ted  
in the previous chapter, th is chapter deals in detail with one V ictorian e a r th ­
quake. This shock, which was widely felt in  southeast A ustra lia  in the early  
m orning of the fourth of May, 1966, had its  orig in  ju s t south of Mt. Hotham 
in the N ortheast Highlands of V ictoria. When the hypocentre had been located 
using the southeast A ustra lian  network, tra v e l tim es to  d istan t stations could 
be studied, and a rra y  methods applied to  its  reco rd  at the W arram unga A rray  
at Tennant Creek. The earthquake th e re fo re  provided an opportunity to  com pare 
the th ree  methods of approach appropria te  to  "netw orks" of different size.
Felt Earthquake Effects
As soon as a p re lim inary  ep icen tre  was determ ined a se r ie s  of 
ten  lines radiating from  it  was drawn on a map, and twelve towns evenly d is ­
tribu ted  in each segm ent w ere selected . S evera l questionnaires w ere sent to 
the post m aste r or policem an in each town so selected , with a request tha t he 
fill one of these  in for h im self, and ask  one or two other people in the d is tr ic t 
to  do the sam e. A lis t of people in te rested  enough to  telephone radio  2AY in 
Albury was sent to  the w rite r  by Mr. A. A. B. M artin, and questionnaires w ere 
sent to  each of these  persons as well. About a dozen people w ere interview ed 
by the w rite r  in settlem ents around Mount Hotham, while a few unsolicited 
le tte rs  w ere a lso  received. The Snowy Mountains Hydro E lec tric  Authority 
has kindly made available the answ ers to  th e ir  own questionnaire, so that a 
to ta l of 211 rep o rts  is available.
The in tensity  value for each rep o rt was a sse ssed  by two o bservers  
independently, using the Modified M ercalli Scale, 1956 version  of R ichter 
(1958). In cases of d iscrepancy, the re p o rt was re-exam ined  by both a sse sso rs  
in concert.
EARTH TREMOR REPORT
P lease  underline suitable w ords and fill in answ ers where applicable as soon 
as possib le while your memory is c lea re s t. Also re tu rn  report of not felt, as 
that inform ation is a lso  im portant.
PLACE .............................................. . TIME .....................................  E. S. T. DATE /  / 19
TREMOR FELT Yes No
a n d /o r  HEARD Yes N o ................... sec  ...........................  min, before or afte r felt.
NUMBER OF TREMORS was ................ separa ted  b y .........  m in u te s ...........  seconds.
R e m a rk s ...................................................................................................................................
INTENSITY OR STRENGTH was faint, m oderate, strong.
MOTION - r a p id ,  slow LASTED F O R ...................................  sec, m inutes
FELT LIKE - sudden jolt, passing  heavy truck , slow vibration
R e m a rk s ...................................................................................................................................
LOUDNESS (if heard) -  faint, m oderate, very  loud
Sounded like -  low rum bling, passing  truck , passing  tra in , thunder, d istant 
explosion, underground explosion, building being s tru ck  , 
cracking of building s tru c tu re .
R e m a rk s ......................................................................................................................................
DIRECTION ) T rem o r appeared to  come from  N, NE, E, SE, S, SW, W, NW, can ’t say.
D irection of shaking was ..............................................
Your Location was -  outdoors, indoors ........................
walking, standing, sitting, sleeping ..........................
R em arks *......................................................................................................................................
Type of BUILDING was -  concrete, stone, b rick  veneer, tim ber, fibro .
You w ere on - ground, 1st, 2nd .................. floor of building
GROUND BENEATH LOCATION was -  rock soil, sand, loose, com pact, unknown. 
NUMBER OF OBSERVERS was -  you only, two, severa l, many, everyone in house,
a lm ost whole neighbourhood, everyone.
AWAKENED - no one, few, many, everyone.
R e m a rk s ........................................................................................................................................
EFFECTS ON OBJECTS
Rattling of windows, doors, c rockery  
Cracking of w alls, fram es of buildings
Swinging produced in lights, doors, gates. Swung N, NE ........................
Pendulum clocks -  did, did not, stop. Clocks faced N, NE ......................
T im e s to p p e d ..........................................
Shaking of -  tre e s , bushes, poles, overhead wiring.
Shifted furn iture, sm all objects.
O verturned - furn iture, sm all objects, vases.
Fall of - books, sm all objects, p ic tu res, p la s te r, monuments, w alls, chimneys. 
Cracked -  p laste r, windows, w alls, chim neys, ground 
Damage -  None, slight, m oderate, considerab le , g rea t
to -  chim neys, w alls, colum ns, w ater tanks, p laster.
Type of s tru c tu re  damaged -  old stone, b rick  veneer, brick , fibro, tim ber, concrete.
General R em arks
2 1 3
Fig. 10-1. The earthquake questionnaire.
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Fig. 10-2. Isoseismals from the Mt. Hotham earthquake.
215
Figure 10-1 shows the questionnaire, which has been adapted to 
low in tensities by Mr. H. A. Doyle from  a U. S. C. G. S. version. C ertain  
d ifficulties becam e obvious during its  use, and fu rth e r m odifications a re  
suggested. People found it difficult to  re la te  th e ir  experiences to  the concepts 
"fast"  o r "slow" and "faint, m oderate, o r strong" unless they had previously  
experienced an earthquake. It would have been b e tte r to  ask  questions like:
"was the motion a slow ro ll or a rapid v ibration", and "was the m otion only 
ju s t detectable by you". Very few people en tered  anything but "so il"  fo r the 
ground beneath location, and th is  question could be elim inated, o r e lse  should 
be reph rased  for d irec t enquiry . .  " was the location on r iv e r  fla ts , stony 
h illside, filled ground . . . "  It seem s tha t windows in A ustra lian  houses 
probably a re  looser in th e ir  sashes than has been allowed for in the 1956 version  
M. M. scale, or e lse  a ir  p re ssu re  waves a re  generated  by A ustra lian  earthquakes, 
because ra ttling  was consistently reported  when a ll other indications w ere of 
intensity  n and in. These rep o rts  have been discounted about one grade in the 
assessm en t.
An iso se ism al map has been drawn up from  the plotted inten s itie s  
(Fig. 10-2). Isolated cases of s tru c tu ra l dam age, in a re a s  w here in tensities 
generally  corresponded to  II or III, have been carefu lly  weighed, and in m ost 
cases discounted. T here  is  a general tendency for householders to  a ttribu te  
the accum ulated damage of y ea rs  to  the few seconds of the earthquake’s duration.
The m ost d istan t rep o rts  a re  from  C anberra, w here two people 
noticed movement. One was on fifth floor of a block of fla ts  and experienced 
the common "inverted  pendulum" enhancement of motion typical of M M. I.
O ther rep o rts  came from  suburbs of M elbourne. The m axim um  in tensity  was 
V - VI, at the D rift Chalet at Hotham Heights, w here one course  of b rick s  
within a stone chimney was sprung out and fell into the hearth , a clock stopped, 
and one or two objects fell. This was the n e a res t inhabited point to  the ep icentre, 
perhaps five m iles away.
N early everyone within the II iso se ism a l line rep o rted  noise, 
variously  described  as like thunder, a rum bling truck , or a wind. Noises
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a re  a very  usual accom panim ent to  felt earthquakes in southeast A ustra lia  
and studies using m icrophones to reco rd  a ir  p re s su re  fluctuations would be 
very  in teresting . The directions from  which the sound appeared to  the 
o b serv ers  to  come seem ed m ostly to  be conditioned by the local topography.
In the sam e way, d irections of v ibration and of tra v e l of the motion w ere found 
not to  significantly favour the azim uth  of the ep icentre.
For such a widely felt earthquake, the m esose ism al effects a re  
of unexpectedly low intensity . The a rea  enclosed by each iso se ism a l was 
scaled, converted to  an "equivalent rad iu s"  (of a c irc le  of the sam e area) and 
plotted against intensity  in  Fig. 10-3. Sponheuer’s (1960) standard  curves 
w ere consulted in an attem pt to  deduce a depth of focus, and an absorption 
coefficient of the ground. The best fitting curve is  shown in Fig. 10-3.
Maximum intensity of about IX might have been expected, with at leas t VIII 
at Hotham Heights. The sam e method was applied to  a ll the southeast 
A ustra lian  earthquakes for which iso se ism a l maps have been published 
(C leary, 1963; Gaskin, 1947; Holmes, 1933; Joklik, 1950; K e rr  Grant, 1956) 
with the re su lts  shown in F igure 10-3. No set of points could be fitted with 
a curve from  Sponheuer’s d iagram s but although som e departed in the sam e 
sense  as the Hotham points, (i. e. too large  a reas  of low in tensity  and not 
intense enough in the m esose ism al a r e a ) , som e departed  in ju s t the opposite 
way, the intensity  decreasin g  with anomalous rapidity  with rad ius. Neither 
changes in  absorption nor in  depth of focus could be found to get good agreem ent. 
One m ust conclude tha t Sponheuer’s method cannot be applied in th is  p a rt of 
A ustralia .
A portable in strum ent was operated by the w rite r  at the c lo sest 
accessib le  place to  the p re lim in ary  epicentre. Recording com menced 42 hours 
a fte r the m ain shock and continued fo r another 60 hours, but no aftershocks 
w ere observed. None of the people who w ere in the a re a  a t the tim e  of the 
in itia l shock felt any aftershocks, nor have any been repo rted  since. This is 
ra th e r  unusual, common experience in southeast A ustra lia  being tha t the 
la rg e r shocks have aftershock  sequences, som e of these  being la rg e  enough to  
be felt in  the im m ediate vicinity.
2 i 8
TABLE 10-1
Station A rr iv a l  tim e W eight N um ber
N am e Code
h m  s
Jindabyne JIN 19:08:17. 3 0. 9 1
Mt. T a ss ie MTV 19. 3 0 .9 2
Toolangi TOO 19. 6 0.8 3
W am brook WAM 22.8 0 .9 4
M elbourne M EL 26. 3 0.8 5
C an b erra CAN 31.3 1 .0 6
D alton DLN 38.8 0. 9 7
Avon AVO 53.6 0. 6 8
Jeno lan JN L 54.4 0 .7 9
W erom bi WER 58.2 0. 6 10
R iverv iew RIV 19:09:03. 5 0. 6 11
Savannah SAV 04.2 0.7 12
H alls Lagoon HLA 04. 5 0 .8 13
T a rra le a h TRR 12. 7 0.7 14
T asm an ian  Univ. TAU 20 .2 0.7 15
M oorlands MOO 19:09:14. 0
A delaide ADE 38. 6
H alle tt HTT 43. 2
C leve CLV 10:05. 0
B risb an e BRS 29. 1
C h a rte rs  T ow ers CTA 53. 0
T ennant C reek WRA 12:31.3
K algoorlie KLG 50. 0
M undaring MUN 13:25. 0
South Po le SPA 19:17:11. 5
Tonto F o re s t TFO 26:34 .4
Uint a  B asin UBO 26:47 .8
Mould Bay MBC 26:54. 5
tt tt NP 26:54. 6
L asa  c en tre LAO 26:56. 5
F ro b ish e r  Bay FBC 27:30. 0
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D uring the studies of V ictorian se ism ic ity  reported  in Chapter 9, 
earthquakes located in the vicinity of Mt. Hotham w ere carefully  sought. The 
shock at 2205 GMT, 9th A pril, 1904, which was felt over about the sam e a rea  
and with a s im ila r  pa tte rn  of in tensities, w as probably located not fa r away.
Magnitudes
No magnitudes w ere obtained from  stations in New South W ales or
V ictoria, because the short period reco rd s  w ere a ll d riven  off scale.
The W estern A ustralian  s tations MUN and KLG recorded  P waves
from  which body wave magnitudes , m , of 3. 5 and 3. 9 have been reported  byB
U. S. C. G. S. Mr. Ian Everingham  has re sca led  the reco rd s  and rev ised  these 
values to  4. 2 and 4. 1 respectively .
At Adelaide both the body wave magnitude and the magnitude 
based  on maximum tra c e  am plitude could be scaled. The values, scaled  by Mr. 
Roy White, a re
m M
Adelaide 5.7 5. 8, 5. 9, 5. 9
H allett 5. 8 5. 5
A value of M » 5 -3 /4  has been adopted, and th is is  the value used
in Chapter 9.
Instrum enta l Location
The fifteen c lo sest stations, which a ll recorded  excellent P phases
from  the earthquake, a re  lis ted  in the f ir s t  p a r t of Table 10-1; the th ree  c lo sest
stations recorded  P„ and the r e s t  P  .1 n
A solution was obtained by com puter using a ll the readings and the 
DEH c ru s ta l m odel. (F or a sketch defining the DEH model, re fe r  to  Fig. 4-2 on 
page 5 *  ).
Longitude 147. 130° -  4. 74 km
Latitude 37. 043° -  2. 35 km
Origin tim e  19; 07: 53. 13 -  0.76 sec
Depth 7. 62 7. 04 km
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Fig. 10-4. In s tru m en ta l ep icen tre s  fo r the Mt. Hotham earthquake. The 
sym bols a re  lis ted  in the text.
This is plotted as "O" in Fig. 10-4.
To investigate the re liab ility  of th is  solution all combinations of 
14 stations w ere in se rted  into the com puter p rogram , producing the points 
num bered 1 to  14 in the figure, w here the num ber re fe rs  to  the station suppressed  
in the p a rticu la r solution. The standard  e r ro r  box is drawn round solution "O". 
The b est of these solutions, in the sense of having the sm allest weighted sum 
of squares of residuals , is  10, where the low weight W erombi reading has been 
suppressed , but th is is within half a k ilom etre  of the "O" solution, with depth 
hard ly  a ltered . Suppressing e ither of Jindabyne o r Mount T assie  P readings 
re su lt in a slight ep icen tra l shift to  the w est, and an in c rease  of the depth by 
about one k ilom etre, while suppressing  Toolangi, the fa rth est of the P read ings, 
re su lts  in a shift of 1 -1 /2  km to  the northw est, and a depth nearly  2 km shallow er.
From  these  te s ts , it  can be concluded that the focus is  well 
located, perhaps within a k ilom etre, but th e re  may be a system atic  b ias in the 
estim ate .
Mr. Roy White, of the D epartm ent of Physics at the University
of Adelaide, has made a s e r ie s  of locations using the method described  by
lo
Sutton and White (196&). A lis t of the m ore d istan t readings collected for these
locations form s the second p a rt of Table 10-1. The locations a re  le tte red  A
through F in Fig. 10-4, with "C M the p re fe rre d  solution. The depth for "C" is 
+
10. 8 -  2. 1 km, when
having»« ewuata l1 tiwokm km i»Bfa
» the DEH model 
is  assum ed. Solutions
B, D and E have Jeffreys and Bullen trav e l tim es, A has a velocity of 8. 21 k m / 
sec in the mantle and rep re sen ts  the solution for the BDS model of Sutton and
White (1965).
The U. S. C. G. S. epicentre, calculated with JB tra v e l tim es and 
making no allowance for local s tru c tu re  plots about 12 km southeast of ”0 ” , with 
depth 37 km. The readings lis ted  in the final section of Table 10-1 a re  taken 
from  the Earthquake Data Report of the U. S. C. G. S. , of these  only SPA was used 
in the location.
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Focal M echanism
A nodal solution of th is earthquake could not be made. The full 
d iscussion of th is  is  included in Chapter 4, page e>Z , w here it was concluded 
that no solution was possible unless som e inconsistency was accepted, or a 
shift of location of a t leas t 2 km w est, and to a depth not m ore than 2 km, was 
allowed. From  the d iscussion  of the location in the p resen t chapter, it is 
apparent that no such shift would be in  agreem ent with the data.
T rave l T im es of P Phases
Tim es of P out to beyond 20° a re  plotted in Fig. 10-5. F irs t 
a rr iv a ls  used in the location a re  shown as open c irc le s , f ir s t  a rr iv a ls  not so 
used as dots, and la te r  a rr iv a ls  as open trian g le s . The tim es have been 
reduced by
8 + ^  -  0.82 sec
8. 16
which is the Doyle,Everingham  and Hogan equation, co rrec ted  for focal depth. 
The Je ffrey s-B ullen su rface  focus trav e l tim es  have been plotted (minus one 
second to allow for the depth of focus) on the sam e graph.
R esiduals a re  positive to  17°, and the leas t squares velocity is 
8. 06 k m /se c . The standard  deviation is -  0. 019 k m /s e c  on 15 degrees of 
freedom . This is significantly lower than the value of 8 .16 k m /s e c  reported  
by C leary and Doyle (1962) and much lower than the "BDS" value 8. 21 k m /se c . 
A relocation using the le a s t squares velocity and the sam e 15 close stations is 
plotted as "N" in Fig. 10-4. The depth estim ate  is  11. 5 km. The location 
is not significantly d ifferent from  "O", the adopted location, which m eans that 
the velocity deduced is likely to be a re liab le  one for southeast A ustra lia  to 
a d istance of about 17°; the b e st regional value w ill come from  carefully  
combining the re su lts  of a num ber of studies of th is  type.
~ r ~ -
M ^kJIU N O A
Fig. 10-6 (opposite). The f ir s t  minute of the Mount Hotham earthquake at 
WRA.
T race  1. The unfiltered  a rr iv a l at se ism om eter R8. The m ark is  the 
w r i te r ’s pick of the f i r s t  a rriv a l.
T race 2. Sum of 18 se ism om eters , phased to  azim uth 135° and velocity 
9. 85 k m /s e c , reduced to  the c ro sso v e r point of the a rray . 
Unfiltered. The P phases a re  from  Jeffreys and Bullen’s 
tab les, the picks m arked  a re  d iscussed  in the text.
T race 3. Same. F ilte red  1 /2  - 4  cps.
T race 4. Same. F ilte red  1 - 2  cps.
T race 5. Same. F ilte red  1 / 2 - 1  cps.
T race 6. M ultiplication of the phased sum of the Red line by the phased 
sum  of the Blue line. F ilte red  1 - 2  cps. The picks a re  
d iscussed  in the text.
T race 7. Same. F ilte red  1 / 2 - 1  cps. P o la rity  reversed .
T race 8. C ross co rre la tio n . T race  6 in tegrated  with a 1 -1 /2  second
exponential window. A, B, C, D and E a re  d iscussed  in 
the text.
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P A rriv a ls  a t the W arram unga A rray
The network in southeast A u stra lia  was w ell situated  to locate 
the Mt. Hotham earthquake accurately , and to  provide focal m echanism  
inform ation, while f ir s t  a rriv a ls  a t m ore d istan t stations have provided some 
inform ation about m antle velocities. A rray  methods, in con trast, can be 
used to  study the propagation of a num ber of a rr iv a ls  in som e detail. For 
example, Fig. 10-6 shows the signal enhancement gained by phasing at 9. 8 5 
k m /s e c  and azim uth 135°; and by frequency filtering , m ultiplication and 
correla tion . For a d iscussion  of these techniques, see  B irtill and Whiteway 
(1965). But signal enhancement is  achieved at the expense of tim e  resolution, 
and the picking of a rr iv a ls  can only be done on individual se ism om eter playouts 
like tra c e  1, and on tra c e  2. The f ir s t  four picks have been made with the 
guidance of tra c e  6, which is m arked to  correspond, and the tim es a re  plotted 
in Fig. 10-5 ( A 8* 20. 4° ). At least one phase a rr iv e s  before  the Jeffreys and 
Bullen tim e, and sev era l afterw ards, including the m ost energetic. Although 
it may have been possib le to  pick these  phases from  a single se ism om eter 
channel, for example tra c e  1, the fact that they w ere a ll coherent over the 
a rra y  is  an im portant additional piece of inform ation. F urtherm ore , th is 
coherence should allow the apparent velocity of each a rr iv a l to be determ ined. 
The tape reco rd  of the event, however, is not a t p resen t available for detailed 
processing.
In the late p a rt of the P signal, a num ber of coherent a rr iv a ls  
have b een extracted  from  the rev erbera tion  by the m ultiplication and co rre la tion  
techniques. Those m arked A, B, C and D have been picked on tra c e  2, with 
in itiation tim es m arked a, b, c, and d. These may be m ultiple reflections 
of successively  h igher o rder, between som e deep in terface  and the surface.
The tim e from  a su rface  focus and the ep icen tra l d istance fo r reflections in a 
slab of constant th ickness and uniform  velocity a re  re la ted  by
w here T is  the tim e  of tra v e l from  a su rface  focus, 
A is the ep icen tra l distance ,
0  0 - 71  I LmJ /
V is the (uniform) velocity^
H is the th ickness of the s lab ;
and k is  the o rd er num ber, equal to  the num ber of reflections from  the 
deep in terface.
If the focus is not a t the su rface , but at depth h, the tim e to  be 
used in  eqn. 10-1 becom es
T ’
A1 *
w here tan  i -
By plotting T against k for a few values of k and choosing the
A
value which gave a s tra ig h t line graph, the o rd e r num bers given in Table 10-2 
w ere allotted.
TABLE 10-2
k T sec
.ol apparent velocity
A 1 301. 2 8 5 -1 /2 7. 64
B 2 305. 8 81 7. 71
C 3 312.2 7 6 -1 /2 7.83
D 4
Equation 10-1 then gave
320. 3 7 2 -1 /4 8. 00
H -  91 km and V a 7. 62 k m /s e c .
The z e ro -o rd e r or d irec t a r r iv a l of th is  velocity may be rep resen ted  
by the m inor m aximum in the c o rre la to r  output about in line with 19:12:46, but 
a phase could not be picked on the sum m ed output, t ra c e  2. The fifth -o rder 
m ultiple would a rriv e  ju s t w here a tape defect occurs. The low o rd e r reflections 
a re  d iscrim inated  against in  th is  playout because th e ir  phase velocities a re  much
T + ______  for an in creased  distance
V cos i 
A + h tan  i 
A’
2 k H
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lower than the velocity used in tuning the a rray , but the undistorted  amplitude 
would be recovered  when the phase velocity of each a rr iv a l was determ ined.
It is  in teresting  to attem pt a s tru c tu ra l in te rp re ta tion  of the 
depth and velocity calculated above. F irstly , it is  rem arkab le  tha t the ’'average” 
velocity, to  a discontinuity at 91 km, of a model consisting of 37 km of 6. 03 
k m /s e c  c ru s t over 8. 06 k m /s e c  m antle with no in c rease  of velocity with depth, 
would be about 7. 6 k m /se c . But th is  s tru c tu re  d iffers from  the sim ple slab 
model used in the calculation of the m ultiples. Any in c rease  of velocity with 
depth, and the effect of curvature  of the earth , would cause the ray  paths of 
m ultiple reflections to  bend concave up, increasing  the angle of incidence on the 
deep in terface and reducing it at the surface. The tru e  depth would be le ss  than 
indicated by the slab model, and the calculated velocity would be b iased  tow ards 
high values appropria te  to the deeper p a rt of the s tru c tu re .
M oreover, for the c ru s t and m antle model, the d irec t m antle P 
wave would trav e l a sim ple chord path. Its trav e l tim e  would be nearly  linear 
with distance out to about 15°, w here the ray  would g raze  the 91 km discontinuity. 
Depending upon w hether the velocity increased  with depth or decreased  into the 
low velocity channel the a rr iv a l beyond 15° would be a head wave o r a continuous 
re frac tio n  from  a much deeper level, but in any case  would have a higher 
apparent velocity than 8. 06 k m / sec.
Finally, the identification of fourth o rd e r reflections (angle of 
incidence on the sim ple model 7 2 -1 /4 °) shows tha t if  the velocity in c reases  
suddenly with depth, it does so by m ore than 8%, otherw ise the reflection 
coefficient falls to  a very low value (McCamy, M eyer and Smith, 1962, case  16)). 
Higher o rder reflections would be cut off. On the o ther hand, if  the discontinuity 
is  the top of a low velocity layer, the am plitudes should drop steeply and steadily 
with increasing  o rd er num ber, until the fifth -o rd e r reflection  has only 10 to 
20% of the amplitude of the f irs t. If the ray  paths a re  concave up the amplitude 
of h igher o rd e r reflections from  the discontinuity w ill in crease , but that from  
the free  surface w ill decrease , with the net re su lt unknown. The d irec t wave 
above the discontinuity should be sm all com pared to  the wave re frac ted  from
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below it (Gutenberg, 1959, page 76 et s e q .).
M ultiples wholly within the c ru s t may be p resen t, but the playout 
of th is  portion of the seism ogram  is not a t p resen t available. Nor does the 
playout of the seism ogram  phased at 5. 2 k m /s e c , intended to  display the S 
p h a se } have a reg u la r tra in  of im pulses.
F urther studies of the a rra y  reco rd  of th is  earthquake and others 
of s im ila r path a re  intended when the fac ilities  a re  available. If wide angle 
m ultiple reflections from  m antle s tru c tu res  can consisten tly  be seen, a very  
powerful new method of study of the upper m antle w ill develop.
230
CHAPTER 11 
CONCLUSION
Recapitulating the ideas which have guided th is  work :
A network com prises both the detection system  and a network of com m uni­
cation.
A local network is  d ifferent in size  but not in kind from  the world wide 
d istribution  of seism ic stations and from  the seism ic  a rra y s  recen tly  
developed.
The local network is  able to use techniques borrow ed from  both the w orld- 
encircling network, and from  the te lem etred  a rra y .
P a rticu la r  attention m ust be paid to the effects of the s tru c tu re  of the 
e a r th !s c ru s t and upper m antle when analysis of local network data is  
attem pted.
These ideas a re  illu s tra ted  in the studies detailed in th is  th esis .
Conclusions and Recommendations
The principal re su lts  which have been derived  w ill now be 
sum m arised , together with suggestions for fu rth er work.
Chapter 2. Nineteen calibrations of twelve stations and a 
portable se t have been made.
Chapter 3. The theory  of the geom etry  of a local network 
regarded  as a tool to  locate c ru s ta l earthquakes has been developed, and applied 
to  the southeast A ustra lian  example. Earthquakes a re  b est located in the Dalton - 
Gunning seism ic  zone. The effect of moving stations can be easily  evaluated.
A suggested extension of the work is to  incorpora te  the m ore 
detailed model of the c ru s t derived in Chapter 5 into the com puter program .
Chapter 4. The theory  for nodal analysis of c ru s ta l earthquakes 
is  se t out and a method of routine solution introduced. Solutions have been 
obtained for four earthquakes out of the twelve groups of events studied, with 
p a rtia l solutions for two m ore. The B errida le  earthquake has been re in te rp re ted
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as having tra n sc u rre n t motion. A sum m ary of all available solutions in the 
a re a  leads to  the confirm ation of the action of com pressive s tre s s  in a 
WNW-ESE direction, and suggests tha t p re sen t day earthquakes may be along 
p re -ex is tin g  lines of weakness rejuvenated by th is  s tre s s  field.
If possib le, nodal solutions should be attem pted for each well 
recorded  local earthquake. The method of solution w ill have to  be extended 
to  take account of the s tru c tu ra l model proposed in Chapter 5.
Chapter 5. Timed explosions a t sea  have been recorded  at 
network stations, and the re su lts  combined with e a r lie r  work to  produce a 
detailed model of the s tru c tu re  of southeast A ustra lia . Its  m ain featu res a re  
an in term ediate  layer, velocity 6. 52 k m / sec, the top of which is  at a depth of 
about 5 km under the Sydney basin  and about 20 km under the Snowy Mountains.
V /
The Mohorovicic discontinuity dips in the sam e d irection , from  25 km to about 
42 km depth, and the velocity below it is  only 7. 86 k m / sec in th is  Sydney 
region. But under the Snowy Mountains, the dip is only about 2° southwest, 
and the m antle velocity is  about 8 .1  k m /se c .
It w ill be of value to c a rry  out m ore investigations of the ocean- 
continent tra n s itio n  by seism ic  re frac tio n  surveys p a ra lle l to the N. S. W. coast.
Chapter 6. P artic ipa tion  in the co-operative experim ent 
BUMP has added som e observations to extend C hapter 5 's  s tru c tu re  into 
V ictoria. The f ir s t  layer in the c ru s t has a velocity between 6. 0 and 6 .1 k m / sec, 
and an in term ediate  layer is  p resen t. Its  velocity is  probably 6. 6 to 6. 7 k m / sec, 
but its  depth is not w ell determ ined. In Tasm ania, th is  layer seem s to  have a 
higher velocity, about 7 .1  k m /s e c , and its  top is  a t about 20 km  depth. The 
m antle velocity throughout the a re a  seem s to be 7. 8 to  7. 9 k m / sec, except 
under the Snowy Mountains. H ere, and perhaps a t th is  d istance inland from  the 
coast in general, 8 .1  k m / sec is a b e tte r value. The e a r th 's  c ru s t is  about 
25 to  30 km thick under Bass S trait.
Recommendations for the com pletion of the BUMP work a re  to 
tim e fu rth er Snowy Mountains quarry  b lasts  and reco rd  P^ from  them  a t BUMP 
s ite s  in Gippsland; to reco rd  at one BUMP shotpoint while another is reshot,
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in o rd er to  get a P^ tim e within Bass S trait; and to shoot south of Hobart to 
re v e rse  the profile  already  obtained a c ro ss  Tasm ania. Gravity observations 
in Bass S trait and in  E ast Gippsland a re  a lso  suggested.
Chapter 7. Tim ed underw ater explosions of half and one ton 
w ere recorded  at a d istance of 850 km at W arram unga seism ic a rray . A 
technique was developed to  fire  explosions in abandoned mine shafts. A p re lim ­
inary  model of p a rt of Northern A ustra lia  consists  of 43 km of c ru s t of velocity 
5. 92 k m /s e c  over a m antle of velocity 8 .35  k m /s e c . A f ir s t  approxim ation to 
the s tru c tu re  under WRA is  that m a te ria l of velocity about 5 .4  k m / sec underlies 
the a rra y , with the next layer having a velocity of 6 .1  k m / sec. The in terface 
dips 5° in  dip d irection  205° T rue, and is  about 2 km deep under the c ro sso v er 
point.
The detailed survey of th is shallow s tru c tu re  is  an im portant 
future p ro jec t. Timing of the next s e r ie s  of la rg e  Mount Isa  Mines explosions 
is  recom m ended, so tha t the tim e te rm  analysis commenced for WRAMP can 
be completed.
Chapter 8. A pilot study shows tha t stations WAM and WER 
have m ean residuals  significantly h igher than the southeast A ustralian  m ean 
re s id u a l from  JB tim es, while CAB and JNL a re  significantly lower; WRA 
a rr iv a ls  a re  about two seconds early  on JB com pared to  sou theastern  A ustralia .
But the observed apparent velocity a c ro ss  the southeast A ustra lian  network 
confirm s the value from  the JB tab les, and does not agree with the values from  
C leary and Hales (1966) nor from  C arder et al. (1966).
A continued study of residuals  by th is  method is  suggested.
Chapter 9. V ictorian se ism ic  activity  has been catalogued.
For the period 1959-1966, in strum enta l locations of 175 earthquakes have been 
made, and magnitudes calculated. A seism ica lly  active a re a  has been noted near 
M oondarra, and a re la tion  between som e Tasm an Sea and Bass S trait earthquakes 
is tentatively  proposed. Two contrasting reg im es of tectonic behaviour w ere 
found. From  1959 ti l l  November 1964 very  low s tra in  re lease , at a ra te  logarithm ­
ically  dependent on tim e was observed but the  num ber of shocks was re la ted  to
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the magnitudes by a normal recurrence value of b = 0. 8. After November 1964, 
when an ’’unlocking" occurred, strain release has been at a much greater and 
constant rate. This rate is however one or two orders less than observed in 
earthquake zones of the world. Moreover, the recurrence value for this episode 
is extremely low, b « 0.4. It is proposed that the area is responding to the 
external stress field described in Chapter 4, by alternating movements and 
locking.
Suggestions for a continued monitoring of the Moondarra area, 
and for detailed oceanographic investigations of the Tasman Sea are made. It 
will soon be possible to make a combined study of the seismicity of all of eastern 
Australia.
Chapter 10. An isoseismal map was drawn for the Mount 
Hotham shock of 4 May 1966. An instrumental location was made, and used to 
examine the velocity of P waves to beyond 20°. A P^ velocity of 8. 06 km/sec 
was found to 17°, but the first arrival at WRA ( A «2&4°) was from a deeper 
layer in the mantle. Indications of multiple reflections from an interface at 
about 90 km depth were found, but further work with the array processing 
techniques wi 11 be needed for this earthquake.
Appendices. Computer programs are collected and listed for 
future reference in Appendix 1, while the tables dealing with Victorian seismicity 
appear in Appendices 2 and 3.
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APPENDIX 1 
COMPUTER PROGRAMS
The p rog ram s w ritten  during the course  of th is thesis  a re  collected 
in th is appendix, which is  re fe rre d  to  throughout the text. A ll except SINETPAR 
a re  w ritten  in FORTRAN IV LEVEL G program  language, and w ere operational 
on the IBM 360/50 of the A. N. U. Computing C entre in October 1967.
The following details  a re  given for each program :
1. P ro g ram  descrip tion , whilfch re fe ren ces . (Unless a lso  cited in another
p a rt of the th esis , th ese  re fe ren ces  a re  not en tered  in the main 
R eference l i s t . )
2. Flow charts  of the com plete p rogram , and som e detailed flow charts  of
p a rticu la r p a rts  of p rogram s.
3. Input deck s tru c tu re . The convention is  adopted tha t a short dash under
a symbol or blank re p re se n ts  a punch card  column, thus avoiding confusion 
from  the variab le  spacing of typew riting.
4. P rog ram  listing. P ro g ram  SINETPAR, is w ritten  in FORTRAN IV LEVEL E
and listed  from  a deck punched on a type 026 machine, and therefo re  som e 
symbols a re  non-standard  in Table A l-3 .
SEISMIC DISTANCE AND AZIMUTH
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PROGRAM DESCRIPTION 
Fig. A1-1A, B and C Table A l -  1
Input co-ord inates in deg rees  m inutes and seconds, degrees 
m inutes and decim als, o r degrees and decim als a re  decim alized. A pass 
is made through the conversion to  tra n sv e rse  M ercators (C leary, 1963) with 
the shot co-ord inates, then the index L is made positive, and a new pass is  
made with the station co-ord inates, jumping out to distance, sca le  and grid  
bearing  calculations (Clark, 1963). A la rg e  decision network takes ca re  of the 
sign of the bearing , a fte r which convergence is  applied and the re su lt is  
w ritten . The p rogram  then loops back to  the next station, and when all a re  
exhausted, goes back to the next shot. F o r m ultiple copies, the whole calcu ­
lation repeats.
The program  econom izes on m em ory at the expense of tim e 
and com pactness.
R eferences:
Clark, D. (5th Ed, 1963). P lane and Geodetic Surveying for E ng ineers,
Vol. H Constable, London, p. 446 and p. 430.
C leary, J . R. (1963). Near Earthquake Studies in South-E astern  A ustralia.
A. N. U. T hesis (unpub ). p. 47-49 and Appendix 3-2.
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D I S T A N C E  A N P A Z I M U T H
*IA1> OF c o n «  tJE<*U V«€0
N I P W I  N  U M ft E R  O F  S U U T  n o t N T S
KfAD MODE, NAHE AND LOCATION
\  W R I T E  H O D f c . N A M E  A H D  L O C A T I O n
S T O R E  C o n s t a n t s
Re a*  a n d  i > E C t n A c t Z f  
S T A T I O N  b  AT A
D E C I M A L I Z E  L A T  AND LON< i 
r*F>«IEftft*b IM DEC.  A Nb HIN.
DECIMALIZE L AT ANb 
Lo n g  E tTR ESSE D in 
bEG m i n . a n d  ^ e c
Fig. A1-1A. M erca to r D istance and A zim uth p ro g ram : Input section .
Fig. A1-1B (opposite) M erca to r D istance and Azim uth 
p ro g ram : Main com putation loops.
r ~
q*HAKll
STATION
CooRCMNftTE*
L * +  I
T
RtWAttt  
S«OT GRID 
COOfcD»*ATCS
DISTANCt AND AZIMUTH
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D I S T A N C E  J \ Nb  A Z I M U T H
Fig. A 1-1C. M erca to r D istance and A zim uth p ro g ram : Logic involved in the 
azim uth calcu la tion .
, •<
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INPUT DECK STRUCTURE SEISMIC DISTANCE AND AZIMUTH
F irs t card  "Copy card"
I I I
w here I I I is  KOPY, the number of copies of output required .
Second card  "N shot card"
J  J  J
w here J  J  J  is the num ber of shots from  which distances a re  to be calculated, 
variab le  NSHOT
Third card  "shot card"
k k a a a a : a a a a a B B B J B B B C C C ; C C D D D D : D D D D D  
E E E  - E E E E  F F F  - F F g g g g g g g g  H H H - H H H H
w here KK is the MODE: 1 for data in degrees m inutes and seconds
2 for data in degrees and m inutes
3 for data in degrees and decim als
AAAA-AAAAA 
BBB-BBBB 
CCC *CC
DDDD• DDDDD 
EEE * EEEE 
F F F • FF
is  EGDEG 
is  EGMLN 
is EGSEC
is ETDEG 
is ETMIN 
is ETSEC
, the degrees of longitude n 
, the m inutes of longitude \  -  
, the seconds of longitude J
, the degrees of latitude 
, the m inutes of latitude ^
, the seconds of latitude
gggggggg is the shot name
if West 
longitude
if South 
latitude
HHH • HHHH is  shot height , -  ve if above sea level.
If the longitude is  -ve, a -  sign m ust p recede each of EG DEG, EGMIN and 
EGSEC, and s im ila rly  for -ve latitude.
T here  m ust be as many shot cards as specified by "N shot"
"N s ta t C ard"
Same form at as "N shot C ard", specifying the num ber of station  cards to  follow.
’’Station cards"
Same format as shot cards, with the same sign convention.
T
A
B
L
E
 A
l 
- 
1.
 
SE
IS
M
IC
 D
IS
T
A
N
C
E
 A
N
D
 A
Z
IM
U
TH
2 4 1
— c » •> X
0  1 — — 2
4  Uj *• #■»4 O
— CT *■ —• ►
<  X r—4 *—• 1— O 4. x
2  rsj ► *— ► w x c t
C * • *—* < CC o <
_J fOCSj X »— X 2 1
UJ O * < < CD < < 0
► 1 0 4 T 2 X 2 X
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■4- 4 CC 4- — < L_) < O O O
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_jc\j • « x  x O X — 2- 0 00 •O x < r
O » 4 4 •> • LU O X — X 0 Q  • 0 x 2
CNiO X UJ o x 00 X 4 0 2  c o x
—4 0  * • •—1 O LUX 0 •» 'v 4 4  2
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PROGRAM DESCRIPTION SEISMIC LEAST SQUARES
Fig. A1-2A and B Table A1-2
This p rogram  fits a stra igh t line through the weighted data, 
d istance assum ed without e r ro r , by the standard  form ulae (Guest, 1961).
The constra in t point, if any, is  taken as origin, and the lin e -th ru -th e -o rig in  
form ulae used. The te s t fo r constra in t u ses the fact tha t H ollerith  C is 
sto red  as -  1019199424. Students t  at 95% level, in terpolated  at the high 
end (Linnik, 1961) is s to red  in the p rogram . A ll outputs a re  rounded. The 
program  som etim es fa ils  to  accept a nam e but th is  does not affect the 
calculations.
R eferences:
Guest, P . G. (1961) N um erical Methods of C urve-F itting , C. U. P . , Cambridge. 
Linnik, I. U. V. (1961) Method of L east S quares, P e n ta g o n , Oxford.
new mav constraints
O-FAN
SEISMIC LEAST SQUARES
READ X ,y .  V  EIGHT, AZIMUTH 
AND NAMES /
C0t>f X  ANBy ro  
CONSTRAWT VALUES
Su m  w , W x . w y .w x x . w y y  w * y
w -
WtflCM Tit 0 M A N S
S i O P F  AND  
f N T E f t C F P T
W E IGHTET) H ß f t N S  ( S L O P E  
AND /N TERCEPT  
SUM SQUARE RESIDUALS
IN D I VI DUAL RESIDUAL«,
Sum square « 
ROUND
i n d i v i d u a l  r e s i d u a l s ,
ROUND
¥
D E C R E E S  OR F R E E D O M Ö E G R f f S  OF F R E E D O M
Va r i a n c e  o p  s o l u t i o n V A R I A N C E  OF S O L UT I O N
» • S L O P E m « S L O P E
* - I n t e r c e p t *> « I N T E R C E P T
7
F ig. A 1 -2A . S e ism ic  Least Squares p ro g ra m : L ine  f it t in g  p rocedu re .
WRITE WEI GHTED ME A N S
WtUTSL INDIVIDUAL VALUES
\  ANb INTERCEPTS
Fig. A1-2B. S eism ic  L ea st Squares p ro g ram : S ta tis tic s  and output.
2 4 7
INPUT DECK STRUCTURE SEISMIC LEAST SQUARES
H eader Card
I I I  C D D D - D D  E E E E - E E  
w here
I I I  is MAX, the num ber of data points, and th is is  equal to  the num ber of 
cards following.
C is  C, the constra in t specification. The line w ill be constrained  to  pass 
through the tim e and distance specified if a C is  punched at th is  
location. If no constrain t is  requ ired , leave blank.
DDD • DD is CONTIM, the tim e co-ord inate of the point through which the 
line is  constrained to  p ass .
EEEE - EE is  CONDEL, the distance co-ord inate of the point through which 
the line is  constrained  to  pass.
If C is  punched, and CONTIM and CONDEL left blank the line w ill be constrained  
to p ass  through the origin.
Data input cards
A A A A _• A A b b b b _ B : B B _______ ___ F F F F  : F F  _ G G G G - G
__________________ h h h h
w here
AAAA • AA is  Y(I) , the tim e ordinate of the data point.
bbbb is  the station  name abbreviation.
B -BB is WT(I), the weight of the observation.
F F F F F  'F F  is  X(I), the d istance value of the data point.
GGGG *G is AZ(I), the azim uth of the station from  the shot.
It is  not used in the p re sen t program , and may be left blank. *
hhhh is the shot name abbreviation.
2 18
RR • RR is ESLONG, the increment of longitude by which the test point 
moves at each evaluation, +ve if increasing easterly.
SS • SS is SOLAT, the increment of latitude by which the test point
moves at the completion of each row of evaluations, -ve if 
increasing to the south.
TTTT • TT is ENLONG, the longitude of the eastern boundary of the area, 
+ if east longitude.
UUUU * UU is ENLAT, the latitude of the southern boundary of the area,
- if south latitude
VW* VV is DEPTH, the depth level at which evaluation is required,
+ if below sea level.
There may be as many test point cards as required, but a new job should be
started for a new area.
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PROGRAM DESCRIPTION SEISMIC NETWORK DISTRIBUTION
PARAMETER
Fig. A1-3A and B Table A1-3
The program reads the station co-ordinates, and converts 
them to grid by the Transverse Mercators block. Index L is reset to identify 
the pass converting the test point co-ordinates to grid. Distances to all 
stations are computed. Each element of the 4th order determinant is formed 
by summing using the appropriate velocity which is selected by testing the 
crossover distance. 3rd order determinants formed by striking out each row 
and column in turn, are evaluated by the longhand expansions. The full 
4th order determinant is evaluated by one pivotal condensation round (3, 3), 
followed by longhand expansion. Component distribution variances are found 
by division of Det 3 by Det 4, normalizations are computed, and a line of 
output is printed. The longitude of the test point is incremented, and the 
latitude if necessary, and the new test point is submitted to the commencement 
of the program.
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l CARD /
p r e p a r e  fo r
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READ ST ATI ON/
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- 1
Kz)
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MERC ATOR
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H
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* « T U « N  Tr STAffTtRA  
LOHCITUDf
Fig. A 1-3A Seismic Network Distribution program
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SUKin at ion
D O L O o T *  ^OR  
W M  A *  ^ T R T t O N
Form s l s m m Ts
L Le A R K U M f i S r
0 F DETE«MtuANT
c a l c u l a t e  x.y, z  
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_________1 . . _
e v a l u a t w
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Evaluate 3RD
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CAL cut. «T£
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4 TH ORDER
D « r f R M N A N t Seismic Network 
Distribution Parameter 
Flow Diagram
Fig. A1-3B. Seismic Network Distribution program: Determinant m anipu la tion  
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INPUT DECK STRUCTURE 
O rigin Card
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SINETPAR
I I I  A A A A : A A A A A B B B B : B B B B B _________ C C - C C  D D - D D
w here
III is NMAX, the num ber of stations; th e re  m ust be th is num ber of station 
cards following
AAAA • AAAAA is  OLONG, the longitude of the orig in  of co -o rd inates. It may 
be any convenient centrally  located point, and is positive for east 
longitude.
BBBB * BBBBB is  OLAT, the latitude of the orig in  of co -o rd ina tes. It also 
may be any convenient point, negative for south latitude.
CC • CC is  VO, the P velocity of the s tru c tu ra l model used.
DD • DD is  VN, the P " " " " "n
Station Cards
J J J  E E E E T E E E E  F F F  F ^ F  F F F F  G G G - G G ______________ H H^H
w here
J J J  is  N, the Index num ber of the station. It m ust run  continuously and 
consecutively.
EEEE ‘EEEEE is  ELONG, the longitude of the station, + for eas t longitude
F F F F  • F F F F F  is  ELAT, the latitude " " ” -  for south latitude
GGG • GG is  DECR(N), the height of the station, -  for above sea  level.
HH • H is WATE(N), the weight allotted to the sta tion ’s observations.
There m ust be NMAX station cards.
T est point cards
p p p p . p p  QQQ.QQ R R . R R  S S - S S T T T T * _ T T  U U U - U U
V Y YlY Y
w here
P P P P  • P P  is STLONG, the longitude of the w este rn  boundary of the a re a  over 
which evaluation is  required , + if eas t longitude.
QQQ *QQ is  STLAT, the latitude of the northern  boundary of the a re a  over 
which evaluation is  required , -  if south latitude.
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PROGRAM DESCRIPTION WRAJOKE
Fig. A1-4A and B Table Al-4
The program has the observed times, distances and azimuths of 
the JOKER shot at 18 WRA seismometers stored in it. It reads the 
param eters of the model, decides which one is being varied, and calculates 
the refraction, reflection and refractor residual times.
For the equations see Chapter 7.
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Fig. A1-4A. WBAJGKE program,
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Fig. A 1-4B . WR A JOKE p rog ram  : C om putation of tim es .
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INPUT DECK STRUCTURE WRAJOKE
Index card
I I J J K K L L M M
w here
II is  IA, the num ber of values of overburden velocity
J J  is  IB, " " " " " re fra c to r  velocity
KK is  IC, " " " " " depth of re fra c to r  under shot
LL is  ID, " " " M " dip ang le
MM is  IE, " ” " " " dip d irection .
N orm ally only one of these  is  d ifferent from  one.
P a ra m e te r cards
Five cards in  fo rm at 10F7‘2;
F ir s t:  as many values of overburden velocity in  k m / sec as specified by IA, 
Second: as many values of re fra c to r velocity in  k m / sec as specified by IB, 
T hird: as many values of depth of re fra c to r in  km , positive down, as 
specified by IC,
Fourth: as many values of dip, in  degrees, positive below the horizontal, 
as specified  by ID,
Fifth: as many values of dip d irection, in  degrees, m easured  from  north 
round through east from  0° to  360° , as specified by IE.
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PROGRAM DESCRIPTION TIMETERM ONE
Fig. A 1-5 Table A1-5A and B
A special p rog ram  to post m ultiply the 7 x 7  inverse  m atrix  
by a column vector. R efer eqn 2-10 of reference.
R eference:
B erry , M. J . and G. F. West (1966). An In terp reta tion  of the F ir s t  A rrival 
Data of the Lake Superior Experim ent by the T im e-T erm  Method, 
Bulb Seism. Soc. Am. vol. 56, p. 141-171.
TIMETERM THREE
To invert a 7 x 7 m atrix , and im prove the accuracy of the 
elem ents by Hotellings method. The maximum value by which any elem ent 
of the product of the m atrix  and its inverse  may d iffer from  the unit m atrix  
is  to  be supplied.
R eference:
Faddeeva, V. N. (1959). Computational Methods of L inear Algebra,
Dover, New York. (Vide pp. 99-102 ) .
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Fig. A1 -  5. WHAMP TIM ETER M  p ro g ra m s .
INPUT DECK STRUCTURE TIMETERM
A. TIMETERM ONE......  MATRIX MULTIPLICATION
M atrix card s
Seven cards in Form at 7F10. 7, punched one column p e r card . As the
m atrix  is  intended to  be the inverse  m a trix  of the norm al equation 
coefficient m atrix , it  w ill be sym m etrical and the distinction 
between row s and columns is  im m ateria l. The Punch Card output 
of TIMETERM THREE is in  suitable fo rm a t
V ector card
One card  in F orm at 7F8 • 2. The column vector by which the inverse  m atrix  
is to  be post multiplied.
B. TIMETERM T H R E E ......  MATRIX INVERSION
1. INPUT CARDS
Convergence Card
CC T C C C C C C  is  C the convergence te s t  value
M atrix  Cards
Seven cards punched in Form at 7F10* 7. Punched one column per 
card. As the m atrix  is the norm al equation coefficient m atrix , it 
will be sym m etrical and the distinction between rows and colum ns is 
im m ateria l.
2. OUTPUT CARDS
M atrix Cards
Seven cards punched in Form at 7F10 • 7, su itable for input to
TIMETERM ONE.
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PROGRAM DESCRIPTION NEOBUMP
Fig. A1-6A and B Table A l-6
The program  is a developm ent of the tim e te rm  p rogram s, 
and follows B erry  and W est’s exposition, th e re  is  a lso  provision to  elim inate 
widely d iscrepan t observations, and to allow for the cases w here th e re  a re  
re v e rsa ls  in the sho t-sta tion  network. It has been developed for the analysis 
of the B ass S trait Upper Mantle P ro jec t, in combination with Snowy Mountains 
and Sydney B asin data.
R eference:
B erry , M. J . and G. F. W est (1966). An In te rp re ta tio n  of the F irs t-A rr iv a l 
Data of the Lake Superior Experim ent by the T im e-T erm  Method, 
Bull. Seism.Soc, Am. vol. 56, p. 141-171.
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Fig. A l -  6A. NEOBUMP main program , and TIMTEM Subroutine 
m atrix  manipulation.
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Fig. A1-6B. NEOBUMP : TIMTEM Subroutine, computation of s ta tis tic s .
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INPUT DECK STRUCTURE NEOBUMP
Index Card
K K K
where K is the o rder of the data m atrix; with the p re sen t m em ory, a 
maximum of about 40 is imposed on K. If K is  positive, 
the data m atrix  m ust be connected, tha t is , at leas t one 
s ite  m ust have been both a shotpoint and a record ing  station.
If th is condition is  not fulfilled, K may be made negative, 
and the tim eterm  of the highest num ber s ite  w ill then be 
constrained to zero, and the shot and station  tim ete rm s will 
d iffer by an a rb itra ry  constant.
Data Cards
I I  J J  W W 1 W p D D p 1D p  T T T T - T T
w here II is  the row index of the observation m atrix ,
J J  " column " ” " ”
if I >  J  an e r ro r  m essage will be p rin ted  and the program  w ill 
stop.
W W • W is  the weight of the observation,
D D D D • D D is  the shot station distance, in km,
T T T T - T T  is  the tra v e l tim e, in sec.
Station and shot identifying inform ation may be punched s ta rtin g  at the 23rd 
position. It is  not used by the com puter.
Data cards may be in any order, but th e re  m ust be a t least 
one entry to  each column and to  each row.
T rip  Card
I I
Where I I  is  -  1. This signals the program  that data entry  is  com plete.
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APPENDIX 2
VICTORIAN FELT EARTHQUAKES
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APPENDIX 3
EARTHQUAKES LOCATED IN VICTORIA 1959-1966.
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TABLE A3 - 1
Earthquakes located in V ictoria 1959-1966
Time SE LaL SE Long SE Depth SE Mag Comments
GMT (sec) (km) (km) (km)
1959
28 Apr 08:09:00 3. 3 45 M iles South of Cape Everard
23 Jul 16:41:00 36°19' 146° 33' 0 3 .0 N ear Eldorado, N. E. Vic.
1960
28 Jan 23:36:56 36.75° 147.1 15 5 Bright (re fe r  C leary, 1961)
28 Apr 04:47:58.2 10.9 37. 768 71 148.440 68 depth in term ediate 3 5 km south of Orbost
3 May 02:20:04 3 -3 /4 South Gippsland n ear C orner Inlet
4 May 00:42:50 3 Wonnangatta valley
16 May 02:55:16.8 56 37.334 339 147.841 698 2 -1 /2 N ear Mt. E llery , E. Gippsland
25 May 09:32:28 2 -3 /4 E aste rn  B ass S trait
29 May 02:41:03.1 0.4 36. 515 3.8 147. 428 1.8 (-18) 3 .0 2 -1 /2 M itta Mitta
1 June 05:18:47. 6 3. 3 36. 763 23.7 145. 354 26. 6 12.4 13. 5 3 -1 /2 Nagambie
4 June 12:43:10 4 -1 /4 South of Cape Otway
21 June 07:09:28 36° 146°42' 2 -1 /4 M urray valley w est of Albury.
20 Oct 20:22:04.6 3.2 38. 563 38.6 146.449 13.3 8 .4 24 4 C orner Inlet
21 Oct 14:47:57. 0 35 38. 895 310 146.496 76 3.9 W ilsons Prom ontory
4 Nov 17:55:27 37° 148°18' 2 West of Mount Bulla, E. Gippsland
5 Nov 06:31:15.7 1. 0 37. 121 5. 5 148. 302 4 .8 (-14) 47 2 -1 /2 South of the Delegate River
6 Nov 13:29:28 37°06' 148°09' 1 -3 /4 N. W. of Mt. Statham, E. Gippsland
20 Nov 21:09:52. 7 0 .3 36.845 5.2 147. 304 3 .0 (-1.3) 2 .6 2 -1 /4 N. W. of Omeo
23 Dec 09:39:52.6 3.7 37.754 21.7 148. 281 15. 6 22.1 9.8 3 Between Orbost and Nowa Nowa
24 Dec 16:42:08. 5 39° 143°30' 77 5 -1 /4  - Cape Otway (U. S. C. G. S .)
5 -1 /2
1961
22 Jan 14:43:55 39° 30' 155°30' 4 South Tasm an Sea
22 Jan 13:39:45 40° 155°30' 4 t. ..
3 Feb 14:37:45 40° 148°30’ 4 Near F linders Island
28 Mar 04:02:06. 9 3 .7 37. 620 15.7 148. 094 24.8 (-23) 22. 3 2 -1 /4 South Buchan
10 Apr 14:10:32. 6 4 .3 37. 142 18.7 144. 051 4 .6 (-5. 6) 34. 6 4 South of Maldon. Felt: Maldon
11 Apr 00:35:23.4 13. 1 38.281 93 146. 468 25.7 (46) 57 4 South Gippsland Hills.
15 Apr 06:40:10 36°15' 146°30' 2 -1 /2 Vicinity Ovens R iver
28 Apr 23:09:50 2 -1 /4 P r o b a b ly  S . W . o f  M itc h e l l  R iv e r
1 Jun 09:53:07. 7 12.7 38. 567 21.5 144. 531 14. 1 5.3 110 4 N orthern B ass Basin
1 Jun 13:19:51 38°18' 144 °06' 29 4 -1 /4 B ass S trait (U. S. C. G. S .)
12 Aug 21:01:58 37°24' 149°06' 2 S. W. of ML Kaye, E. Gippsland
14 Aug 19:59:43 37°36' 148°12' 2 -1 /2 N ear Nowa Nowa
12 Sep 07:13:09.4 4 .4 40.686 29.2 156.609 183 (576) 170 4 -1 /4 South Tasm an Sea
15 Sep 05:09:40.1 2 .0 37. 554 26.8 147. 294 15.6 22.0 10.5 3 -1 /2 N ear Tabberabbera
9 Oct 23:43:14.3 21.6 39. 211 155.3 145. 882 45.4 (49.4) 76 4 Tarwin Meadows
9 Oct 23:59:28.4 3 -1 /2 Aftershock
10 Oct 00:03:00.1 3 -1 /2
10 Oct 00:06:15 2 -3 /4
10 Oct 00:08:00 2 -3 /4
10 Oct 08:45:31 3 -1 /2
10 Oct 13:36 :08 4
10 Oct 20:50:44 2 -3 /4
12 Oct 22:48:01 3 Probably Aftershock
13 Oct 06:47 d)9 3.4 " "
19 Oct 15:23:49 Probably near Walhalla
22 Nov 21:55:16.8 19.7 30. 017 84.4 146. 028 74. 9 (-69) 129 3 -1 /2 Yarrawonga
2 9 0
Table A3 - 1 (Contd)
Date Tim e
GMT
SE
(sec)
Lab SE
(km)
Long SE
(km)
Depth SE
(km)
Mag Com ments
1962
10 Jan 05:40:31 38°30' 146°30' 3 -3 /4 C orner Inlet
10 Jan 06:12:17 3 -3 /4 A ftershock
10 Jan 19:21:10 1 -3 /4 Probably n ea r Bonang
11 Jan 09:10:49.4 21.9 37.804 137.3 148.811 352.3 (4296) 17 2 -1 /2 Cape Conran
7 M ar 14:17:14 ( P robably double shock in the vicinity  of
7 M ar 14:17:27 |  lake W ellington
27 M ar 17:54:22.2 0 .2 37. 920 2. 6 146. 547 1 .  1 5 .9 0.8 3 -3 /4 E ast of W alhalla
11 Apr 18:28:58 38°54' 146°20' 3 -1 /2 W ilsons Prom ontory
27 May 11:34:28. 9 17.2 38. 582 22.4 146. 385 61. 1 (-32) 176 3 -1 /2 Wongip
27 May 11:49:07.8 3 A ftershock
22 June 06:12:03 Vicinity of F o ster
5 Ju l 13:00:02.7 0 .5 37. 173 2 .1 148.018 5.8 (-4. 5) 2 .4 2 -1 /2 W est of Mb S tratham
30 Ju l 11:43:11 1 -1 /2 Vicinity of Deddick R iver
30 Jul 11:44:54 1 -3 /4 I» ft ft
30 Ju l 11:47:25 1.6 •• tl ..
30 Jul 11:50:59 1.8 .. ** "
8 Aug 22:46:06 Indeterm inate , possibly N orthern Goull
Valley
17 Aug 03:45:12 38°00' 148°12' Off coast south of O rbost
17 Aug 03:45:18 Probably A ftershock
20 Aug 06:07:27 3 P o ssib ly  in vicinity of M affra
26 Sep 09:02:57. 3 1.3 36. 497 11.8 147.146 8. 6 16.3 10.5 2 -3 /4 Eskdale -  Upper Gundowring
13 Oct 07:59:44 1 -3 /4 Probably south of Bonang
20 Nov 12:15128 3 -1 /2 N ear F o s te r
15 Dec 21:41:32 3 -1 /4 C orner Inlet
15 Dec 21:59:55 A ftershock
26 Dec 10:51:27. 6 2 .4 37. 568 27.7 146.888 12.4 ( -6) 12 3 -1 /4 Mount Wellington
31 Dec 19:10:25. 6 2 .6 36. 304 20 .6 146.405 14. 0 (-23) 17 2 -3 /4 W angaratta
1963
14 Jan 06:31:54.1 2 .5 36. 557 18.2 146.717 11.7 (-21) 27 3 M yrtleford
26 Jan 02:33:34.4 0.7 36.406 8 .3 146. 547 3. 6 6.7 2. 6 3.1 E vert on
28 Jan 12:02:25. 6 0 .4 37. 058 7 .5 146. 684 4 .2 5. 7 4. 6 3 Mount Speculation
7 Feb 05:55:00 2 -1 /2 Possib ly  W ilsons Prom ontory
8 Feb 01:06:48 2 .9 Probably vicinity of Upper Howqua Rh
15 Feb 11:50:50 2 -1 /4 Possib ly  vicinity Lakes Entrance
6 Mar 09:00:23.5 14.2 37. 316 51.5 146. 531 42 .9 (-22) 179 3 E ast of Mount McDonald
9 M ar 01:00:57 37°12* 147°33' 2 -1 /4 Om eo-Tongio d is tr ic t
16 M ar 09:38:52 38°36' 146°18' 3 South Gippsland Hills
29 Mar 00:10:35.7 34.8 37. 898 270 146. 331 108 18.9 211 3 -1 /2 W alhalla - Mount Baw Baw
2 Apr 19:09:12 37°06’ 144 °21 ' 3 -1 /4 E ast of Castlem aine
14 Jun 19:23:47.8 3.7 38. 657 14.9 146.425 5.7 1 .6 25.7 4 -3 /4 W elshpool (also  U. S. C. G .;
16 Jun 18:43:47 3 -1 /2 A ftershock
24 Jun 07:21:49 2 .9 "
2 Aug 09:52:24 3 -1 /2 P robably Strathbogie Ranges ea st of 1
29 Aug 05:10: 36°48' 147°30 ' 1 -3 /4 N ear Glen Wills
11 Nov 23:49:49. 5 0 .8 37. 888 4 .8 148. 090 7 .2 7 .9 3. 8 2 -1 /2 Off Lakes E ntrance
11 Dec 02:22:37 (2 -1 /2 ) P ossib ly  w est of Bendigo
25 Dec 08:48:30 37°50' 146°12' 2. 9 Upper reaches of the T y e rs  R iver.
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Date Time
GMT
SE
(sec)
L at SE
(km)
Long SE
(km)
Depth SE
(km)
Mag Comments
1964
4 Feb 19:36:12.6 0.8 36. 865 19.9 146. 545 8. 5 36.3 13.2 2 -1 /2 Roee River near "Bennies''
16 Mar 06:45:24.2 0 .6 36.149 3.0 147.109 3.4 10 3.4 2 -1 /4 Bethangra, N. S. W. near Hume Weir.
18 Mar 02:03:08 (2-1 /4) Possibly South Gippsland Hills
9 Apr 06:34:00 2 -1 /4 Probably near Aibury
10 Apr 04:14:32 (2 -1 /2) North East Highlands
28 Jun 13:38:50.2 3.7 36.413 14.1 145.244 25.4 4 .8 13.7 3 -1 /2 Gouiburn Valley near Tatura
11 Aug 07:31:04.9 10.1 39. 037 65.4 146. 330 24.7 depth indeterm inate 3 -1 /4 Wilsons Prom ontory
26 Aug 05:49:53 (3) Probably South Gippsland Hills
26 Aug 05:51:43 (2-1 /2) M tl »» »»
27 Aug 01:10:47 (2) It «1 II It
28 Aug 21:32:12 (2-1 /2) Probab ly off Lorne and Apollo Bay
9 Sep 04 :24*>6 (2-3 /4) Possibly off Cape Wools ml
18 Sep 20:03:10 (2-1 /2) Probably Northwest Bass Basin
18 Sep 22:38:04.7 1.2 37.338 7.3 147. 785 5.3 ( -«) 7 .5 2 -1 /2 Near Ensay
23 Sep 15:43:02 Possibly vicinity of Ballarat
26 Sep 10:27:05 (2 -1 /2 ) Corner Inlet
12 Oct 22:45:25. 8 10.8 38.059 120 146. 276 57 36.8 57 3 -1 /4 Near Moondarra
15 Oct 01:39:24 (2-1 /2) South Gippsland Kills
23 Oct 00:01 :(10) Indeterm inate Regional Earthquake
25 Oct 10:32:44 (3) Bass Basin between King Is. and Wilsons
Promontory
30 Oct 03:13:25 (2 -3 /4 ) If It If .1
10 Nov 21:35:10 3 -1 /2 West of Nagambie
14 Nov 10:53 Nil 40°00’ 144°18' 33 (R) 4 .4 Bass Strait between King Is. and N. W.
Tasmania (U. S. C. G. 8 .) Felt.
17 Nov 21:16:18. 5 1.0 38.416 8.8 146. 352 5. 5 16.1 18.2 4 Boolara South
18 Nov 19:29:52 1 -3 /4 Aftershock
18 Nov 19:30:39 1 "
16 Dec 05:32:20 36°40* 145°33' (3) Near Euroa
1965
6 Jan 19:44:27.5 1.3 38.844 8. 5 145.973 4.7 9.6 4.2 3 -1 /2 W aratah
9 Jan 09:15:06. 3 20.5 38.161 121 146. 962 57.7 (-30) 141 2 -3 /4 Kllmarny South
13 Jan 02:13:12.0 1.1 37.296 3.9 148. 072 1.9 26. 5 12.7 2 -1 /4 Tlm barra
19 Jan 05:44:08. 3 7.2 36. 396 51.5 146.200 24.7 ( -*) 41 2.4 Near Wangaratta
19 Jan 20:46:53 3 Near Euroa
21 Jan 16:28 :(40) (2 -1 /2) Possibly northern Bass Basin.
7 Mar 07:37:11 2 -3 /4 Big River valley, near Eildon Weir.
16 Mar 13:16:01 2 -1 /2 Upper How qua valley
17 Mar 05:21:45. 2 37.6 37.087 106.5 146.154 97.5 (245) 75 3.1 M errljlg
18 Mar 18:09:31.1 40°12* 149°36' 33 (R) 5 Southeast of A ustralia (U. S. C. G. S .)
23 Mar 20:55:50 (3) Probably W estern Victoria
1 May 18:17; 03. 2 4.7 38.519 9.4 146.412 33.1 5.7 54.3 3 -1 /2 Wonyip
8 May 06:25:53. 2 5.0 38.658 24.4 149.159 18.3 26.5 21.3 3 -3 /4 Eastern Bass Strait
10 July 02:25:47 1 -3 /4 South Gippsland Hills
16 Aug 17:14:17.8 0.6 37.225 1.8 146.248 1.4 14. 5 22.3 2 -1 /4 How qua River
3 Sep 09:12:02.8 0.7 38.711 4 .0 146.467 1.5 (-16) 2 .9 1.9 Port Welshpool, Corner Inlet
6 Sep 07 : 29:00 3.6 Probably near Castlemaine
8 Sep 06:17^3.3 0.4 38.215 3.3 146.410 1.6 16.0 2. 6 2 -3 /4 Morwell
14 Sep 12:34:36.3 38°42’ 144°12' 33<R) 5.0 Near S. E. coast of A ustralia (U. S. C. G. S .)
Felt.
14 Sep 12:44:57 3 -3 /4 Aftershock
14 Sep 12:50:13 (2)
p o p
T a b le  A3 -  1 (Contd)
D ate T im e
GMT
SE
(sec)
L at. SE
(km)
Long SE
(km)
D epth SE
(km)
M ag C om m ents
1965
14 Sep 12:53:13 38°42 ' 144 °1 8 ' 33(R) 5 .7 N e ar S. E . c o a s t  o f A u s tra lia  (U. S. C. G. S . )
F e lt.
14 Sep 13:15:46 2. 9 A fte rsh o c k
14 Sep 13:55:47 3 .3 "
14 Sep 15:47:19 3. 1 "
5 O ct 15:14: (2) P o ss ib ly  v ic in ity  C ape Otway
6 O ct 00:35: 04 .2 2 .2 36. 508 11 145. 070 8 .8 ( -3) * 11 (2 - 1 /2 ) W aranga R e s e r v o ir  n e a r  R ushw orth
15 O ct 14:08:04 1 - 1 /2 W est of M ount U seful
24 O ct 15:48:23 .8 0 .7 3 8 .193 1 .9 145. 708 1 .3 30. 6 10.7 2 .1 N e ar M odella , N. E. of W e s te rn  P o in t Bay
2 Nov 15:23:35 1 - 3 /4 Few km  sou th  of K o ru m b u rra
30 Nov 18:35:20 2 .4 O ff A ire y 's  In le t
2 Dec 08:11:34 1 - 3 /4 P ro b ab ly  n e a r  "T h e  N obb ies" , P h il l ip
Is lan d .
1966
16 Ja n 12:37:26 3 9°00 ' 144 °2 0 ' 1 - 1 /2 N o rth e rn  B a ss  B asin
25 Ja n 21:17:43 (1 .6 ) O ff E a s t  c o a s t of W ilsons P ro m o n to ry
10 Feb 01:46:52 ( 1 - 1 /2 ) P o ss ib ly  S tra tlib o g ie  R anges
13 Feb 10:56:22. 0 2 .4 3 8 .904 12. 3 145.895 6. 1 (62) 22 3 .3 C ape L ip tra p
23 A p r 1 7 :26 :33 .3 1 .4 3 7 .080 1 0 .0 146. 275 6 .0 0 .9 1 8 .6 2 - 1 / 2 M e r r i jig
23 A p r 17:26:56 2 - 1 / 2 M e r r i jig
1 M ay 0 5 :09 :34 .5 ( 3) G len T hom pson , W e s te rn  D is t r ic t :  F e lt.
3 May 19:07:53 .1 0. 8 3 7 .043 2. 3 147.130 4 .7 7. 6 7 .0 5 - 3 /4 M ount H otham
31 May 04:18:18 2 - 1 / 4 South W est of W ilso n s P ro m o n to ry
5 Ju ly 22 :2 6 :3 9 .4 5 .3 39. 647 5 .6 144.964 3 1 .9 (62) 35 4. 1 South of Cape Schanck
6 Aug 15:05:23 (2) W allan
15 Aug 22 :2 7 :1 8 .2 11. 8 37. 957 4 0 .6 149.121 40. 7 35. 6 58. 7 3 .2 South of Cann R iv e r
30 Aug 14:27:24 (2 - 1 /2 ) P ro b a b ly  v ic in ity  B endigo
5 Sep 1 7 :57 :51 .5 4. 6 36. 230 17 .4 144. 522 22. 6 17. 0 21. 2 3 .4 South W est of E chuca
29 Sep 18:05 :53 .0 7. 7 38 .267 3 4 .4 146. 104 15. 1 ( - 7 6 ) 50 3 - 1 /4 C h ild e rs , E . G ippsland
2 O ct 05:04:54 U n d e te rm in ed  V ic to ria n  e a rth q u a k e
8 O c t 13:21:14 (2) D andenong. F elt.
17 Oct 17 :12:30 .8 6 .4 3 7 .880 6 2 .2 146.199 3 7 .4 18. 1 48. 9 3 .8 H e ad w a te rs  of th e  T a n ji l  R iv e r
27 Oct 00:25:46 4 0 °0 0 ' 154 °3 0 ' 0 (R) 4 - 3 / 4 South T a sm a n  Sea
27 Oct 01:06:22 4 0 °0 0 ’ 149°45 ' 0 (R) 3 - 1 /2 E a s t  o f F lin d e rs  Is lan d
3 Nov 06:13:19 ( 1 - 1 /2 ) V icin ity  o f Cape Otway
13 Nov 20:56:15 3 - 1 /2 B etw een B o o rt and P y ra m id  H ill
15 Nov 21:23:00 38 °3 0 ' 144 °4 2 ' (2) W est of C ape Schanck
30 Nov 1 5 :3 0 ^ 5 ( 2 - 1 /2 ) P o ss ib ly  v ic in ity  P y ra m id  H ill
15 Dec 19 :08:29 .1 40 24 ' 155°24 ' 33 (R) 5 - 1 /2 South E a s t  of A u s tra lia  (U. S. C. G. S . )
293
REFERENCES
Asbel, L J a . , V. I. K eilis-B orok and T. B. Yanovskaja (1966). A Technique 
of a Joint In terp reta tion  of T rav e l-T im e  and A m plitude-D istance 
Curves in the Upper M antle Studies, Geophys. J . vol. 11, 25-56.
Benioff, H. (1949). Seism ic evidence for the fault origin of oceanic deeps,
BulL geol. Soc. Am. vol. 66, 1837-1856.
Benioff, H. (1955). Seism ic evidence for c ru s ta l s tru c tu re  and tectonic activity, 
Geol. Soc. Am. Spec. P ap er 62, 61-74.
B erry , M. J . and G. F. W est (1966). An In te rp re ta tio n  of the F irs t-A rr iv a l 
Data of the Lake Superior Experim ent by the T im e-T erm  Method,
BulL Seism-Soc. Am. voL 56, 141-171.
Bessonova, E. N ., O. D. Gotsadze, V. I. K eilis-B orok, I. V. K irillova,
S. D. Kogan, T. I. Kiktikova, L. N. M alinovskaya, G. I. Pavlova, and 
1.1. Sorskii (1960). Investigations of the m echanism s of earthquakes, 
T ransla ted  by Consultants Bureau; Washington, for the A m erican 
Geophysical Union as ; Soviet R esearch  in Geophysics in English 
T ransla tions, No. 4.
B irtill, J .  W ., and F. E. Whiteway (1965). The Application of Phased A rrays 
to  the A nalysis of Seism ic Body W aves, Phil. T ran s . R. Soc. A. vol. 
258, 421-493.
Bolt, B .A . (1960). The Revision of Earthquake E picen tres, Focal Depths
and O rig in-T im es using a High-Speed Computer, Geophys. J . voL 3, 
433-440.
Bolt, B. A. (1962). A seism ic  experim ent using qu arry  b la sts  n ear Sydney, 
Aust. J. Phys. voL 15, 293-300.
Bolt, B. A . , H. A. Doyle and D. J . Sutton (1958). Seism ic O bservations from
the 1956 Atomic Explosions in A ustra lia , Geophys. J . voL 1, 135-145.
Bolt, B. A. and O. W* Nuttli (1966). P wave res id u a ls  as a function of azim uth 
1. observations, J . geophys. R es, vol* 71, 5977-5985.
Brownlee, K. A. (1949). Industria l Experim entation, H. M. S. O ., London.
Bullen, K. E. (1937). A suggested new "Seism ological" latitude, Mon. Not. R. 
a s tr .  Soc. geophys. Suppb voL 4, 1 5 8 - .
C arder, D. S . , D. W. Gordon and J. N. Jo rdan  (1966). A nalysis of su rface - 
focus tra v e l tim es, BulL Seism . Soc. Am. voL 56, 815-840.
2 9  4
C lark , S. P . , J r . , and A. E. RLngwood (1964). Density D istribution and Constitution 
of the M antle, Rev. Geophys. vol. 2, 35-88.
C leary , J .R . (1963). N ear-Earthquake studies in South-East A ustra lia , T hesis.
Aust. Nat. Univ. (unpublished).
C leary , J . R. (1967a). The Seism icity  of Gunning and Surrounding A reas , 1958- 
1961, J . geol. Soc, A ust. vol. 14, 23-29.
C leary , J .R . (1967b). P tim es to A ustralian  stations from  nuclear explosions,
Bull. Seism.Soc. Am. vol. 57, 773-781.
C leary , J . R. , and H. A. Doyle (1962). Application of a seism ograph network and 
electron ic  com puter in n ea r earthquake studies, Bull. Seism . Soc. Am. 
vol. 52, 673-682.
C leary , J . R . , H. A. Doyle and D. G. Moye (1964). Seism ic A ctivity in the Snowy 
Mountains Region and its  relationship  to Geological S tructu re , J . g e o l.
Soc. Aust. vol. 11, 89-106.
C leary , J .R . and A. L. Hales (1966). An analysis of the trave l tim es of P waves
to North A m erican sta tions, in the d istance range 32° to 100°, Bull. Seism . 
Soc. Am. vol. 56, 467-489.
Cooney, G. H. (1962). The New South W ales earthquake of May 22, 1961, Aust. J . 
P hys. vol. 15, 536-548.
Crohn, P. W. and W. Oldershaw (1965). The Geology of the Tennant C reek One- 
m ile  Sheet A rea, N. T . , Rept. Bur. M iner. R esour. Geol. Geophys.
A ust. 83.
Dehlinger, P . , E. F. Chiburis and M. M. C ollver (1965). Local trav e l tim e curves 
and th e ir  geological im plications for the pacific N orthw est S tates, Bull. 
Seism . Soc. Am. vol. 55, 587-607.
Dix, C .H . (1952). Seism ic P rospecting  for Oil. H arper, New York.
Doyle, H. A. and I. B. Everingham  (1964). Seism ic velocities and c ru sta l s tru c tu re  
in southern A ustra lia , J .  geol. Soc. Aust. vol. 11, 141-150.
Doyle, H. A ., I. B. Everingham  and T. K. Hogan (1959). Seism ic record ings of 
la rg e  explosions in sou th -eastern  A ustra lia , Aust. J .  Phys. vol. 12, 
222-230.
Doyle, H.A. and R. Underwood (1965). Seism ological Stations in A ustra lia ,
Aust. J . Sei, vol. 28, 40-43.
. • A . J .  P  l ' h V n e - s  J «3
Doyle, H. A. , R. Underwood and E. J . Polak (1966). Seism ic velocities from  
explosions off the central coast of New South W ales, J .  geol. Soc. 
Aust. vol. 13, 355-372.
Everingham , I. B. (1965). The c ru s ta l s tru c tu re  of the South-west of W estern 
A u stra lia , Rec. Bur. M iner. R esour. Geol. Geophys. 1965/97 
(unpublished).
£
Ewing, M ., G. P. W oolard and A. C. Vine (1939). Geophysical investigations 
in the em erged and subm erged A tlantic coastal p lain , P a r t  RI, Bull, 
geol. Soc. Am. vol. 50, 257-296.
Flinn, A. E. (1960). Local Earthquake location with an E lectronic Com puter, 
Bull. Seism. Soc. Am. vol. 50, 467-470.
Flinn, A. E. (1965). Confidence Regions and E r ro r  D eterm inations for Seism ic 
Event Location, Rev. Geophys. vol. 3, 157-185.
G askin, A. J . (1947). The V ictorian E arth  T rem or of 3rd  Nov. 1944, P roc . R. 
Soc. Viet, vol. 58NS, 66-.
G reen , R. , C. Dampney, G. H. Newstead, P. W att, G. The, and K. M uirhead. 
(1965). Seism ological Investigations in Tasm ania, p. 12 in Ringwood A. E.
(Ed.) A ustralian  P ro g re ss  Report 1960-65 of the Upper M antle P ro jec t 
A ustralian  Academy of Science, C anberra.
G regory , C. E. (1966). Explosives for E ngineers, 2nd Edition, U niversity  of 
Queensland P r e s s ,  B risbane.
Gutenberg, B. (1959). Physics of the Earth*s In te rio r . Academic P re s s , New 
York and London.
H ales, A. L. and I. S. Sacks (1959). Evidence for an in term edia te  lay er from
cru s ta l s tru c tu re  studies in the easte rn  T ransyaal, Geophys. J . vol 2,
15-33.
Hawkins, L. V . , J . F. Hennion, J . E. Nafe and H. A. Doyle (1965). M arine 
se ism ic  re frac tio n  studies on the Continental m argin to the south of 
A ustra lia , Deep Sea R es, vol. 12, 479-495.
Hodgson, J . H. and R. S. Storey (1953). Tables Extending B yerly’s F au lt-P lane  
Technique to Earthquakes of any Focal Depth, Bull. Seism . Soc. Am. 
vol. 43, 49-61.
Holm es, W. M. (1933). The Mornington T rem o r of 3 rd  Septem ber 1932, P roc . 
R. Soc. V ie t, vol. 45NS, 150- .
2 9 6
Isack s , B. and J . Oliver (1964). Seism ic Waves with F requencies from  1 to 100 
Cycles p e r Second Recorded in a Deep Mine in N orthern  New Je rse y ,
Bull. Seist».Soc. Am. vol. 54, 1941-1980.
Je ffrey s , H. and K. E. Bullen (1940). Seism ological T ab les, B rit. Assn. G ray- 
Milne T r u s t . , London.
Jok lik , G. F. (1950). Dalton-Gunning A rea, N. S. W ., E arth  T rem o rs  of M arch,
1949, J . P roc . R. Soc. N .S .W . vol. 84, 17.
Kawasumi, H. (1934). Study on the propagation of Seism ic Waves; 2nd paper,
Bull. Earthq. R es, Inst. Tokyo Univ. vol. 12, 660-705.
K err G rant, C. (1956). The Adelaide Earthquake of 1st M arch, 1954, T rans. R,
Soc. S. Aust. vol. 7 9, 177-185.
K err G rant, C. (1957) BUMP, a Seism ic C rustal Study, L ecture  to the A. I , P . 
Sum m er School, C anberra, January  1967.
Kosm inskaya, I. P . (1965a). Izuchenie Zemnoy K ori V P eriod  MGG : (Studies
of the earthTs c ru s t in the I .G . Y .), Geofiz. Byull. Moskva, vol. 14, 168- 
177.
K osm inskaya, I .P .  (1965b). Study of the Earth*s c ru s t by Seism ic Methods,
T ranslated  from  V est, Akad. Nauk SSSR. vol. 2, 51-57, b y E .R .
Hope as D irec to ra te  of Scientific Inform ation Serv ices, D. R. B.
Canada, T426R.
L am bert, I. B. and A. J . R. White (1965). The B errid a le  W rench Fault, a m ajor 
s tru c tu re  in the Snowy Mountains of New South W ales, J . geol. Soc.
Aust. vol. 12, 25-33.
Lom nitz, C. , (1966). S tatistical prediction of Earthquakes, Rev. Geophys. vol. 4, 
377-393.
M cCam y, K ., R. P . M eyer and T. J. Smith (1962). G enerally  applicable solutions 
of Zoeppritz* am plitude equations, Bull. Seis«n.Soc. Am. vol. 52,
923-955.
M cElroy, C .T . (1962). Sydney, N .S .W . 1: 250,000 Geological Series Sheet 1/56-5, 
(2nd E d .), Explan. Notes B ur. M iner. R esour. Geol. Geophys. Aust.
M arshall, C. E. and H. N arain (1954). Regional G ravity Investigations in the 
E astern  and C entral Commonwealth. U niversity of Sydney, Dept.
Geol. and G eophys., M em oir 1954/2.
M assey, K. S.W. and H. K estelm an (1964). A ncillary M athem atics, P itm an,
London.
297
M enard, H. W. (1967). T ransitional Types of C rust under Small Ocean B asins,
J . geophys. R es, vol. 72, 3061-3073.
Mota, L. (1954). D eterm ination of Dips and Depths of Geological L ayers by the 
Seism ic Refraction Method, Geophysics vol. 19, 242-254.
M uirhead, K. J . and Lesley Read (1966). Slow-speed Tape Recording of Seism ic 
Signals, N ature, Lond. vol. 210, 929-930.
O fficer, C. B. (1955). Southwest P acific  c ru s ta l s tru c tu re , T rans. Am. geophys.
Un. vol. 36, 449-459.
R ich ter, C. F. (1935). An Instrum ental earthquake sca le , Bull. SeispiSoc. Am. 
vol. 25, 1-32.
R ich ter, C. F. (1958). E lem entary Seismology. W. H. F reem an and C o ., San 
F rancisco  and London.
R obertson, C. (1958). Final re p o rt on a se ism ic  reflection  survey in the Sydney 
basin , N. S. W ., Rec. Bur. M iner. R esour. Geol. Geophys. Aust. 
1958/48 (Unpublished).
R obertson, E. C. (1964). V iscoelasticity  of Rocks, in State of S tress  in the Earth*s 
C rust, ed. Judd. E lsev ie r, New York.
R ostragin , L. A. (1965). Solution of Inverse  problem s by S tatistical Optimization 
M ethods, Rev. Geophys. vol. 3, 111-114.
Ryall, A. , D. B. Slemmons and L. D. Gedney (1966). Seism icity , Tectonism  and 
su rface  faulting in the W estern United States during H isto rical Tim e, 
Bull. Seistn.Soc. Am. vol. 56, 1105-1136.
Sch^Sdegger, A. (1964). On the possib ility  of the se ism ic  detection of e ^ lo s io n s  
from  the signs of f i r s t  onsets. Bull. SeistuSoc. Am. vol. 54, 1529- 
1535.
Sponheuer, W. (1960). Methoden zur H erdtiefenbestim m ung in der M akroseism ik 
F re ib e rg e r ForschH ft. C88.
Standard, J . C. (1961). Subm arine Geology of the Tasm an Sea, Bull, geol. Soc. 
Am. vol. 72, 1777-1788.
S teinhart, J .S . (1963). C rustal studies on the continent, T rans. Am, geophys. Un. 
vol. 44, 339-341.
Sutton, D. J . and R. E. White (1966). A study of P T rav e l-T im es from  som e 
A ustralian  Earthquakes. Aust. J . Phys. vol. 19, 157-66.
298
Sutton, G. H. and E. B erg (1958). D irections of Motion from  F irst-M otion  
S tud ies, Bull, Seisjn.Soc. Am. vol. 48, 117-128.
Talwani, M ., G. H. Sutton and J . L. W orzel (1959). A C rustal Section 
a c ro ss  the P uerto  Rico T rench, J . geophys. R es, vol. 64, 
1545-1555.
Tectonic Map Com m ittee of the Geological Society of A ustra lia  (1962). Geolog­
ical Notes in Explanation of the Tectonic Map of A ustralia , Publ . 
B ur. M iner. R esour. Geol. Geophys. Aust.
Thompson, G. A. and M. Talwani (1964). C rustal s tru c tu re  from  Pacific
basin  to C entral Nevada, J .  geophys. R es, vo l. 69, 4313-4837.
United Kingdom Atomic Energy Authority (1967). Data P ro cessin g  F ac ilities  
and Data Available a t the UKAEA Data A nalysis C entre for 
Seismology. AWRE pam phlet No. 2, AWRE, A lderm aston.
W eeks, L. G. and B .M . Hopkins (1967). Geology and Exploration of Three 
B ass S tra it B asins, A ustra lia . Bull. Am. A ss. P e tro l. Geol. 
vol. 51, 742-760.
Whiteway, F . E. (1966). The use of a r ra y s  for earthquake seism ology. P ro c . 
R. Soc. A. vol. 290, 328-342.

Reprinted from The Austra.Uan Journa·l of Science, Volume 28, Number 2, August, 1965, page 40 
• Seismological Stations Ill Australia 
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Although close to some of the most seismically 
active areas of the globe, in the sweep of islands from 
Indonesia to New Zealand, Australia itself is one of 
the least active of continents. Partly for this reason 
progress in installing seismograph stations has been 
slow until recent years. The first seismic instruments 
in .Australia to our knowledge were set up near 
Launceston, Tasmania, by the amateurs A. B. Biggs 
and A. Green ; Biggs had horizontal and vertical 
pendulums of about 1 second period marking on 
smoked glass (Biggs, 1885). These instruments 
recorded some of the Tasmanian swarm of shocks 
during 1883 to 1885. 
In 1888, H. C. Russell, Government Astronomer at 
Sydney, obtained a Ewing seismograph, and in the 
same year, a Gray-Milne was installed at the Mel-
bourne Observatory. No records from these 
instruments seem to have survived. In 1901 Milne 
instruments were obtained for Melbourne, Perth 
and Sydney, but apparently the last observatory 
did not have the instrument in service until 1906, in 
which year Melbourne recorded the San Francisco 
earthquake. A further Milne was procured in 1909 
for .Adelaide. The instruments were brought out 
with the support of the seismological committees 
of the Australian and British Associations for the 
.Advancement of Science and formed part of the first 
world network. 
The magnification of these early instruments was 
very low. P. Baracchi remarked that the first 
seismograph at Melbourne ' is not so sensitive as the 
unifilar and bifilar magnetometers' (Baracchi, 1898). 
The magnification of the Milne was only six times, 
and it was very underdamped. Few, if any, local 
earth tremors would have been recorded. The much 
improved Milne-Shaw instrument with static magni-
ftcation of 150-250 and magnetic damping replaced 
the Milne in some observatories in the twenties. 
H. C. Russell also made a study of tsunamis 
recorded on tide gauges on the N.S.W. coast from 
large South .American earthquakes and he set up a 
tide gauge to study the oscillations of Lake George 
(Russell, 1885 ). Much later Professor· L . .A. Cotton 
attempted to record earth movements near Burrinjuck 
Dam.using horizontal pendulums (Cotton, 1915). 
Riverview College Observatory began operating in 
1909 under the Rev. E. F. Pigot, S.J., and was the 
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best known and best equipped station in Australia 
for many years ; Wiechert, Mainka and later Galitzin 
instruments were used, the last named being the first 
electromagnetic seismographs installed in .Australia 
(Pigot, 1909). Following the Gayndah earthquake in 
1935, Professor W. H. Bryan began recordings at 
Brisbane in 1937 with a Milne-Shaw (Bryan, 1938). 
Thus, Queensland was the first of the universities to 
take up the subject. The instruments were later 
shifted to St. Lucia and Benioffs added (Jones, 1953), 
and then to Mt. Nebo in 1964 by Dr. J. Webb. These 
sites are referred to as Brisbane I, II and III in 
the Table. Studies were extended to microseisms and 
cyclone detection using a Sprengnether tripartite net 
near Brisbane and an instrument near Townsville 
(Upton, 1956). 
In 1940, Dr. N. H. Fisher set up instruments at 
Rabaul on behalf of the New Guinea .Administration 
to monitor volcanic and seismic activity following the 
great eruptions of 1937. These instruments were 
destroyed in the invasion of 1942, but the Japanese 
later began recordings with their own instruments. 
In 1950 Mr. G. Taylor repaired an Omori and used it 
at Rapindik station and later at Sulphur Creek 
station, both near Rabaul. Moving coil Benioffs 
were installed at the Vulcanological Observatory in 
1954. These were replaced by a set of U.C.S.G.S. 
world network instruments in 1961. .A four station 
telemetered network is now being built up around 
Rabaul to improve monitoring of seismic and volcanic 
activity. New stations are also being placed on 
D'Entrecasteaux Islands (Esa-ala) and Manam Island. 
.A new phase in .Australian seismology began when 
J. M. Rayner and R. F. Thyer of the Bureau of 
Mineral Resources (B.M.R.) initiated a program 
of observatory geophysics including seismology. 
Wood-Anderson seismographs were built in the 
Melbourne workshop and set up during expeditions 
to Macquarie and Heard Islands in 1951, in co-
operation with .A.N . .A.R.E. In 1950 the seismographs 
of the Melbourne Observatory were taken over from 
the University of Melbourne, which had been operating 
them for some time during the war. In 1956 variable 
reluctance Benioffs were installed. In 1962 a new 
site at Toolangi superseded Melbourne. The B.M.R. 
also established geophysical observatories fully 
equipped for seismology at Port Moresby in 1957, and 
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Mundaring in 1959. Heard Island was closed in 
1954, but seismographs were set up at Mawson in 
1956, and another station on the Antarctic continent, 
Wilkes, was taken over from the United States 
Antarctic Research Project in 1959. The B.M.R. 
installed instruments at Darwin in 1961 and at 
Kalgoorlie in 1964, so that the B.M.R. now operates 
eight important stations over a large area from the 
tropics to Antarctica (Figure 1). 
Another important phase in Australian seismology 
began in 1956-8 with the establishment of close 
networks in N.S.W. of four high magnification 
instruments each by the Snowy Mountains Hydro-
Electric Authority (S.M.A.), the Metropolitan Water, 
Sewerage and Drainage Board of Sydney (S.W.B.) 
and the Geophysics Department of the Australian 
National University (A.N.U.) (Figure 2). These 
include the central A.N.U. station at Canberra 
(Jaeger and Browne, 1958). Records from all stations 
are read at the A.N.U. and interpreted with special 
emphasis on location of local earth tremors. One 
of the main objects of the program is to monitor 
activity near the sites, or proposed sites, of large 
engineering works of the S.M.A. and S.W.B. (Oleary, 
Doyle and Moye, 1964). 
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In the last few years the A.N.U. has extended the 
close network into Victoria with three additional 
stations at Bogong, Buchan and Mt. Tassie. These 
networks in S.E. Australia are described in detail 
elsewhere (Doyle and Underwood, in preparation). 
Thus, S.E. Australia is now well covered with 21 
41 
stations. Many earthquakes have been located with 
final computations carried out on an electronic 
computer using a program devised by Flinn, the first 
published for near earthquakes. The Canberra station 
has recently been enlarged with the addition of very 
long period Press-Ewing instruments. 
Under the stimulus of the I.G.Y. (1957-8) the 
Australian Academy of Science gave grants towards 
the establishment of important stations at Charters 
Towers and Adel11ide. The Adelaide station was 
relocated at Mt. Bonython by Dr. D. Sutton and 
outstations at Hallet and Cleve have since been 
added to form a South Australian network. 
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Professor S. Carey began seismic recordings at 
Hobart in 1956, and with Professor Newstead, a 
unique four-station telemetered network was built 
up in 1960-61 which covers most of Tasmania, with 
central recording at Hobart (Newstead and Watt, 
1960). Also, in 1959 Professor A. Voisey began trial 
recordings at Armidale in N.S.W . 
The most recent development has been the instal-
lation in 1962 of ' world standard sets ', including 
very long period instruments, provided by the United 
States Coast and Geodetic Survey at Riverview, 
Charters Towers, Port Moresby, Rabaul, Hobart, 
Adelaide and Mundaring. Thus, 60 years after 
Milne's first world network was extended to Australia, 
history has been repeated. But whereas there were 
four stations in the years before 1910, and still only 
six in the forties, there are now some 42 stations in 
the Australian region with instrument sensitivity 
increased by some four orders of magnitude. These 
stations are important to world seismology as the 
Australian continent is a very useful, quiet observing 
platform encircled by active seismic belts. 
In the Table Australian seismological stations are 
listed with information on instrumentation, dates of 
operation, and geocentric direction cosines which 
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enable quick and accurate distance calculations to· an 
epicentre (Bullen, 1963). For distance 6. between 
0° and 20° the best formula is 
Astronomer, for information on past and present 
stations. Dr. Green, Dr. Sutton and Dr. Webb 
provided details of the stations in Tasmania, South 
.Australia and Queensland. 
cos 6.=1-H(a-A)2 +(b-B)2 +(c-0)2 ] 
where a,b,c and A,B,C are direction cosines. For 
greater distances the following formula is more 
convenient 
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TABLE 
Australian seismological stations 
Geocentric direction 
USC GS Dates of Instru- Com- cosines Height Administrative 
Name code operation ment ponents (km) authority 
-a +b -c 
-Adelaide I . . .. 1909-1941 M E 615818 543251 570654 0·04 Adelaide Observatory 
1924-1950 MS N 
Adelaide II .. .. ADE 1958-1962 B Z,N,E 617092 541958 570507 0·63 Adelaide University (Mt. Bonython) 1962- u Z,N,E 
Armidale .. 
. -
1959- w z University of New 
Avon . . .. AVO 1958- B z 
England 
720700 405845 562033 0·53 S.W.B. 
Brisbane I . . .. 1937-1951 MS N,E 805397 374992 459039 001} 1943-1951 B Z,N 
Brisbane II (St. Lucia) BRS 1953-1963 B,MS Z,N,E 791563 403066 459310 0·02 University of Queens-
Brisbane III (Mt. Nebo) BRS 1963- B,MS, S Z,N,E 790642 406771 457627 0·52 land 
Bogong .. . . BOV 1963- W-B z 674822 434448 596548 0·27 A.N.U. 
Buchan . . .. BUV 1964- W-B z 676052 419688 605653 0·10 A.N.U. 
Cabramurra .. . . CAB 1959- B z 691543 424890 584154 1·61 S.M.A. 
Canberra .. . . CAN 1958- B Z,N,E 700948 421195 575557 0·70 A.N.U. 
1964- PE Z,N,E 
Charters Towers I .. OTA 1957-1963 B Z,N,E 781526 522133 341456 0·36} University of Queens-Charters Towers II 1963- u Z,N,E 781547 522120 341429 0·36 land 
Cleve . . .. 1963- B z 604744 573970 552126 0·24 University of Adel-
aide 
Dalton .. . . DLN 1961-· w z 707400 422002 567010 0·55 A.N.U. 
Darwin . . .. DAR 1961- w Z,N,E 638846 739240 213075 0·00 B.M.R. 
Esa'ala . . .. 1965- B Z,N,E 860661 480679 167958 N.G. Administration 
Fort Nelson .. FNT 1957-1962 W-P z 618474 396237 678592 0·18 University of Tas-
mania 
Geehi . . .. . . GEE 1958- B z 685390 425250 591102 0·48 S.M.A. 
Grass Valley .. 1963-1964 W-B z 384494 761389 521968 0·19 B.M.R. 
Hallett . . .. HTT 1962- B Z,N,E 630667 549747 547757 0·71 University of Adel-
aide 
Hall's Lagoon .. HLA 1959- B z 730046 406065 549675 0·03 S.W.B. 
Heard Island .. HI! 1951-1954 WA N +164698 551883 817496 0·01 B.M.R. 
Inveralochy . . .. INV 1959- w z 708876 414787 570479 0·64 A.N.U. 
Jenolan . . .. JNL 1959- B z 721094 415955 554079 0·83 S.W.B. 
Jindabyne . . .. .JIN 1958- B z 688247 420222 591380 0·96 S.M.A. 
Kalgoorlie . . .. KLG 1964- B Z, N, E 449134 734126 509252 0·35 B.M.R. 
Kuranda . . .. KDA 1959-1964 WL z 790520 540673 287665 0·36 University of Queens-
.. land 
Macquarie Island .. MCQ 1951-1960 WA N,E 544411 209459 812245 0·01 B.M.R. 
1956-1960 Gr z 
1962- B z 
Manam Island .. 1965- B z 817732 571165 071307 N.G. Administration 
Mawson . . .. MAW 1956-1959 LB Z,N,E +174674 341048 923675 0·01 B.M.R. 
1960- B Z,N,E 
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USCGS Dates of 
Name code operation 
Melbourne . . .. MEL 1902-1927 
1928-1962 
1955-1956 
1955-1956 
1956-1962 
Moorlands . . .. MOO 1960-
Mt. Bingar . . .. MBA 1961-1962 
Mt. Tassie . . .. MTV 1964-
Mundaring . . .. MUN 1959-1962 
1962-
Narrogin .. . . 1963-1964 
Perth .. . . .. PER 1901-1937 
1923-1964 
1956-1964 
Port Moresby .. PMG 1957-
1959-1962 
1958-
1958-
1962-
Rabaul .. .. RAB 1940-1942 
1954-1962 
1963-
1961-
Rapindik .. .. RAP 1950-1958 
Riverview .. .. RIV 1909-1955 
1910-
1941-
1953-1963 
~ 1962-
Savannah .. .. SAV 1961-
Sulphur Creek .. 1959-1963 
1962-
Sydney .. .. SYD 1906-1948 
Tarraleah .. . . TRR 1960-
Tasmania University TAU 1962-
1962-
1963-
Toolangi . . .. TOO 1962-
1963-
1963-
1963-
Townsville . . .. TVL 1956-1965 
Wambrook . . .. WAM 1957-1958 
1958-
Watheroo . . .. WAT 1958-1959 
Werombi .. . . WER 1959-
Wilkes . . .. WIL 1957..:. 
1962-
Wyangala . . .. WYA 1960-1964 
1964-
B=Benioff. 
TABLE -Continued 
Australian seismological stations 
Geocentric direction 
Instru- Com- cosines 
ment ponents 
-a +b -c 
M E 648407 454470 610758 
MS E 
WA N,E 
Gr z 
B Z,N,E 
W-P z 622141 401073 672368 
W-B z 689657 461037 558407 
w z 655696 432899 618596 
B Z,N,E 375314 762516 526981 
U,B Z,N,E 
W-B z 383124 748207 541665 
M E 370438 765152 526611 
MS N 
c z 
s N,E 828940 535240 162414 
K z 
WL z 
WA N,E 
u Z,N,E 
H N,E 882011 465601 072619 
B Z,N,E 
0 N,E 
u Z,N,E 
0 N,E 882178 465185 073248 
Wt Z,N,E 729171 401556 554131 
Ma N,E 
G Z,N,E 
s z 
u Z,N,E 
W-P z 629184 405645 663008 
0 N,E 882178 465185 073238 
B Z,N,E 
M E 729149 400853 554671 
W-P z 618255 409973 670583 
u Z,N,E 618410 396701 678379 
W-P z 
H-P z 
B Z,N,E 654757 450161 607164 
MS E 
c z 
s N,E 
s E 790.214 517726 327904 
w z 692535 418038 587909 
B Z,N,E 
B-W z 377488 777982 502243 
B Z,N,E 724066 408319 555882 
PE Z,N,E 142395 379170 914305 
Gr z 
w z 712050 428595 556139 
W-B z 
B-W = Benioff with Willmore recorder. 
MS=Milne-Shaw. 
0=0mori. 
C=Columbia long period Z. 
G=Galitzin. 
Gr=Grenet. 
PE =Press-Ewing. 
S = Sprengnether. 
U = USCGS Standard Set. 
W =Willmore. 
Height Administrative 
(km) authority 
0·03 Melbourne Ob-
B.M.R. 
} servatory 
0·32 University of Tas-
mania 
0·20 A.N.U. 
0·74 A.N.U. 
0·23 B.M.R. 
0·35 B.M.R. 
0·05 Perth Observatory 
0·07 B.M.R. 
0· 18 N.G. Administration 
N.G. Administration 
0·02 Riverview College 
0·18 University of Tas-
mania 
0·00 N.G. Administration 
0·04 Sydney Observatory 
0·58 University of Tas-
mania 
0· 13 University of Tas-
mania 
0·60 B.M.R. 
0·00 University of Queens-
land 
1·29 S.M.A. 
B.M.R. 
0·23 S.W.B. 
0·01 B.M.R. 
0·53 A.N.U. 
H=Hawaii Observatory Type Instrument. 
H-P=Hall-Sears with Pen recorder. 
K =Kew vertical. 
W-B= Willmore with Benioff drum recorder. 
W-P=Willmore with Pen recorder. 
LB =Leet-Blumberg. 
M=Milne. 
Ma=Mainka. 
WA= Wood-Anderson. 
WL= Wilson-Lamison. 
Wt= Weichert. 
AUSTRALASIAN MEDICAL PUBLISHING COMPANY LIMITED 
Seamer and Arundel Streets, Glebe, Sydney, N.S.W. 
REPRINTED FROM: 
Journal of the Geological Society of Australia 
Vol. 13, Pt 2, pp. 355-372. 
SEISMIC VELOCITIES FROM EXPLOSIONS OFF THE 
CENTRAL COAST OF NEW SOUTH WALES 
By H. A. DOYLE, R. UNDERWOOD & E. J. POLAK 
ADELAIDE 
SOUTH AUSTRALIA 
1966 
~' 
!. ' 
SEISMIC VELOCITIES FROM EXPLOSIONS OFF THE 
CENTRAL COAST OF NEW SOUTH WALES 
By H. A. DOYLE, R. UNDERWOOD, & E. J. POLAK 
(WITH 4 TABLES AND 6 TEXT-FIGURES) 
(Received 4 February 1965; read in abstract at Canberra, 31 May 1966) 
ABSTRACT 
Travel times from explosions fired on the continental shelf off the central 
coast of New South Wales were observed at permanent stations and spreads of 
seismic exploration instruments, and combined with existing results to give a 
seismic crustal profile across part of southeastern Australia. An intermediate 
layer, dipping to the southwest, underlies the surface rocks and has a P velocity 
of about 6 ·52 km./ sec. Beneath Sydney, its top may either be in contact with 
the basin sediments at a depth of about 5 km., or separated from them by a 
wedge of a few kilometres of 6 km./sec. material. The Mohorovicic discontinuity 
( M) is at a depth of 25 km., dips to the southwest at about 4 degrees, and the 
velocity under it is about 7 ·86 km./ sec. The depth to the top of the inter-
mediate layer under the Snowy Mountains is about 20 km., and the revised 
depth to M is about 42 km. M dips at about 2° to the southwest in this region, 
and the velocity at the top of the mantle is 8· l km./sec. 
INTRODUCTION 
Since the commencement of recordings in 1958-59 by the seismograph 
networks of the Snowy Mountains Hydro-Electric Authority, the Sydney 
Metropolitan Water Board and the Australian National University (Doyle & 
Underwood, 1965), many off-shore explosions have been detected, and identified 
as naval tests. The Royal Australian Navy ( R.A.N.) was therefore requested to 
detonate some large charges in selected locations so tbat the existing seismic 
network could be used to obtain information on crustal structure. It was hoped 
that the improved knowledge of velocities and structure would enable more 
accurate location of the small crustal earthquakes that often occur in south-
eastern New South Wales. In particular, it was hoped that information about a 
possible "intermediate" layer would be gained, and that the structure of the 
crust and upper mantle near the continental margin would be indicated. This 
would refine and extend the results of the first measurements of seismic velocitie:> 
and crustal structures in southeastern Australia, made by recording large 
e1q>losions at Eaglehawk quarry in the Snowy Mountains ( Doyle, Everingham, 
& Hogan, 1959). Offshore measurements made off southwestern Australia and 
near Kangaroo Island in 1960 and 1963 had showed a normal transition from 
oceanic to continental crust (Hawkins, Hennion, N afe & Doyle, 1965), while 
determinations carried out in South Australia and Western Australia from 
Maralinga explosions showed normal continental structure. (Doyle & Evering-
harn, 1964. ) 
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PROCEDURE 
The autumn was chosen as most suitable for the work, as the sea is 
usually calm and the microseism level low. Between 20 and 22 April 1965, the 
R.A.N. made available the trials vessel H.M.A.S. Kimbla, and five explosions 
were detonated from the ship on the continental shelf between Tuggerah Lakes 
and Jervis Bay, at positions marked in Figure 1. Positions and times are listed 
in Table I. Three of the shot points were chosen near the northern end of the 
network, which extends approximately northeast-sOL"t~hwest, so that observations 
of waves travelling in a southerly direction would complement the observations 
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Fig. 1. Location of shots and recording stations. Shot numbers correspond 
to those in Table I; usable records were obtained from stations 
which have the U.S. Coast & Geodetic Survey standard abbrevia-
tion indicated. E is Eaglehawk Quarry. 
made in 1957 towards the north from the Snowy Mountains blasts (Doyle et al., 
1959). W erombi was chosen as the key station in the attempt to record arrivals 
from an intermediate layer, because it is more fully equipped than other net-
work stations in the Sydney area, and because a suitable site was available close 
by for laying out a seismic "spread" for apparent velocity observations. The 
shot locations were therefore chosen at distances from W erombi at which 
arrivals from the intermediate layer were expected to be large (Cleary, 1962) 
SEISMIC VELOCITIES, NEW SOUTH WALES CENTRAL COAST 357 
and the southern shots were also chosen so as to be removed about 90° in 
azimuth from the northern group. The latitude of each shot was specified, but 
a wide tolerance on longitude was allowed so that the depth of water over the 
shot could be maintained at about 40 fathoms ( 70 m.). 
TABLE I. 
Shot times and positions. 
Shot Date Time 
Number Shot Name Lat. 0 S Long. 0 E April G.M.T. 
1965 
1 Centre North 33·58444 151·54481 20 04 41 56·32 
2 Far North 33·41408 151 · 66314 20 08 09 03·21 
3 North Jervis Bay 34·82556 150·91042 21 01 50 00·84 
4 South Jervis Bay 35·16244 150 ·81397 21 06 07 46 · l 7 
5 Manly 33·82867 151 · 40350 21 23 22 27·96 
A field party from the Bureau of Mineral Resources, Geology and Geo-
physics laid out two geophone spreads at Werombi. In the line of the northern 
shots, groups of four Electro-Tech 4~~ C.P.S. geophones were connected to each 
of 24 traces, making a spread of 4,600 ft ( 1,400 m.) overall. Normal to this, a 
2,200 ft ( 670 m. ) spread of 12 Model 200 Mid-Western 6 C.P.S. geophones 
was laid. Local surveys were made to determine azimuth, elevation and 
weathering corrections. Apparent velocities were measured across these spreads 
for three of the first arrivals, as noted in Table II, but later arrivals proved 
difficult to scale with the paper speed of 13 in. ( 33 cm.) per second, and a 
speed of 5 or 6 in. ( 12-15 cm.) per second would have been better. 
At the fixed stations of the network, maintenance and adjustment was 
carried out in the week before the blasts, so that most of the equipment func-
tioned correctly. Special care was taken in obtaining shot positions. In addition 
to sun observations and horizontal sextant fixes on shore fixtures by the Captain 
of Kimbla, theodolite intersections of the plume of spray from four of the 
explosions were obtained from coastal stations by surveyors of the Department 
of the Interior. In case of poor visibility, it was hoped to use a Mark I tellur-
ometer master set on the ship and two slave stations on shore, but because the 
ship had continually to be in motion while lowering the charges, no readings 
were obtained by this method. 
Naval personnel were responsible for handling and firing the explosives. 
Three 300-lb. ( 135 kg.) standard depth charges, two of them armed with 
electrical detonators, were roped together and lowered to the bottom by special 
marine firing cable, which was then paid out as the ship steamed off one to 
two miles ( 1 · 5-3 km. ) for safety before connecting and firing. 
As timing is of prime importance in an experiment of this type, special 
precautions were taken. Greenwich Mean Time of each shot was determined 
by tape recording, on the ship, time signals from the P.M.G. radio time service 
station VNG, together with a signal from an auxiliary coil on the blaster. Manual 
358 H. A. DOYLE, R. UNDERWOOD AND E. J. POLA¢K 
playback later allowed the time of this signal to be interpolated between time 
signals to 0 · 01 second. In addition, the shot instant was broadcast on a frequency 
of 4·630 megacycles per second, so that the field party at \Verombi could impose 
a shot instant mark through a spare galvanometer on to the record. The ship 
was equipped with a 300-watt transmitter, and signals were received as far as 
500 km. distant. Warnings were broadcast for about an hour before shot time, 
and a timing device on the ship controlled the firing sequence. This device first 
keyed the ship's transmitter in a pattern of "pips" and then triggered the 2,000-volt 
blaster. A continuous tone was transmitted, commencing the instant the firing 
circuit was energized. The recording and recognition of any part of the broad-
cast firing sequence by the field party allowed the shot instant to be determined 
on the records of the spreads. 
A tape recording of the ship's broadcasts, station clock breaks, and radio 
time signals was also made at Werombi, as a check on the functioning of this 
method. Experience has shown that further safeguards are advisable. First, the 
shot sequence timer should key the ship's transmitter in a pattern of "pips" at 
a fixed time interval after the shot instant, so that recording of this pattern at a 
seismic station would allow shot instant to be scaled. Second, the tape recorder 
on the ship should record the transmitted sequence along with the blaster pulse 
and radio time signals, so that a check on the function of the timer is available. 
Finally, a transceiver of at least 50 watts to allow field parties to communicate 
with the . ship would be useful. 
RESULTS 
Recordings of the explosions were obtained to 750 km., at Toolangi, but 
reliable P waves could only be discerned to 450 km. (Bogong and Buchan). 
Distances were calculated on the IBM 1620 at the Australian National University, 
and are listed in Tables II and III with phases, travel times, interpretations and 
residuals from least-squares analysis. 
A. LONGITUDINAL WAVES 
( i) Longitudinal Waves in the Sydney Basin: Ps 
The shot points and stations out to Werombi are within the Sydney Basin. 
This basin contains up to 18,000 ft ( 5,500 m.) of Permian and Triassic sediments, 
which lie unconformably on Middle Palaeozoic rocks, and are intruded by basic 
sills and plugs (Tectonic Map Committee, 1962). Robertson ( 1958) determined 
velocities within the basin as increasing rapidly with depth from 4 km./sec. at 
sea-level to 4 ·88 km./sec. at 4,000 ft (1,200 m.) and increasing slowly thereafter. 
In the present work, the closest observation was at Riverview ( 23 km.), but the 
quality of this reading is not high and P may have been read late. This and a 
secondary arrival at Riverview from another shot give a velocity of 4 · 5 km./ sec., 
when a least-squares straight line is fitted to them through the origin, but the 
velocity most representative of the sediments is probably higher than this. For 
the interpretation, a velocity of 4.9 km./sec. has been adopted. 
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(ii) Longitudinal Waves with Apparent Velocity near 6 · 5 km./ sec.: P2 
In Figure 2, first arrivals between 25 and 230 km. have reduced travel times 
of 1 to 2 seconds, and a least-squares analysis for a linear equation gives 
T = l ·8 ± 0·024 + L'.1/6·52 ± 0·036 
n = 22 a = 0 · 154 ( 1 ) , 
In this and subsequent equations, T is time in seconds, L1 is distance in kilo-
metres, n is the number of observations used in the analysis and a is the 
TABLE II. 
Travel times for "P" 
Distance Travel Residual Equa-
Station Shot (km.) Time Phase (0-C) ti on 
(sec. ) 
·Riverview 5 22·70 5·0 iP - 0·3 1 
.Riverview l 44 · 98 8 · 6 iP - 0 · 1 l 
R iverview 2 65·72 11 ·8 iP - 0·1 l 
Werombi 5 77·35 13·6 iP -0·1 1 
Werombi l 98 · 15 17·1 eiP +0·2 1 
Werombi 3 101·73 17·2 eP -0·2 1 
Inveralochy 4 106·91 18·3 i +O·l 1 
Riverview 3 112 ·83 19·1 e 0 1 
Inveralochy 3 114·72 19·4 iP 0 1 
Werombi 2 116·73 19 · 7 i 0 1 
Jenolan 5 127·92 21·5 i + O·l 1 
Werombi 4 136·16 22 ' 8 eP + O· l 1 
.Jenolan 3 137·80 23·0 iP + O·l 1 
J enolan 1 143·72 23·7 e -0·1 1 
Riverview 4 151·21 25·1 eP +O·l 1 
Dalton 4 156·93 25·9 eP 0 1 
.Jenolan 2 159·03 26·0 i -0·2 1 
Jenolan 4 165 · 17 27·3 e + 0·2 1 
-Canberra 4 166·23 27·5 iP + 0·2 1 
·Canberra 3 182·89 29 ·7 iP - 0·2 1 
Inveralochy 5 203·45 31·6 i - 0·4 2 
Wambrook 4 208·94 33·6 i - 0·2 1 
Dalton 5 227·41 36·4 eP - 0· 3 1 
Inveralochy 1 231·00 35 · 3 eP - 0·4 2 
·Cabramurra 4 231 · 27 36 · 1 iP + 0·4 2 
Jindabyne 4 246·05 37·8 e? + O·l 2 
Dalton 2 271 ·23 41 · l e +O·l 2 
-Canberra 5 275·90 41·1 e - 0 · 5 2 
Gee hi 4 276·00 42·2 e? + 0 · 6 2 
Jindabyne 3 276·25 42·2 eP + 0·5 2 
Canberra 1 303· ll 45 · 1 eP - 0·1 2 
Gee hi 3 304·11 45·4 e + O·l 2 
Wambrook 5 348 · 90 51·3 i? + O·l 2 
Buchan 4 351·77 51·5 e? - 0 ·1 2 
Bogong 4 372·08 56·8 eP + 2·5 2 
Wambrook 1 378·08 57·2 e? + 2·1 2 
Cabramurra 1 385·03 62·8 e + 6·8 2 
Buchan 3 385·96 55·6 eP - 0·5 2 
.Jindabyne 5 386 · 99 56·3 iP 0 2 
Bo gong 3 399·57 57·6 
I 
eP - 0·3 2 
Gee hi 5 4ll · 04 59·8 eP + 0 ·4 2 
Jindabyne 2 437·75 62·9 iP -0· 1 2 
Notes: (A) Apparent velocity measurement. 
(B) Arrival after expected time for Pn, included in Equation (1). 
(C) Not used in derivation of Equation (2). 
Notes 
A, 7 · 08 km./sec. 
A, 7 · 10 km./sec. 
A, 5 · 81 km./sec. 
B 
B 
B 
c 
c 
c 
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TABLE III. 
Travel times for "S" 
Distance Travel Residual Equa-Station Shot Time Phase Notes (km.) (sec.) (0-C) ti on 
Riverview 5 22·70 8 · 1 e -1 · 1 4 
Riverview 1 44·98 13·7 eS I -1 ·4 4 Riverview 2 65·72 20·7 i +0·2 4 ~ App.,=t ~lo Werombi 5 77·35 24·1 eS +0 · 5 4 city 3 ·95 km./ 
sec. 
Werombi 1 98 · 15 29 ·9 eS +0 ·8 4 App. vel. 4· 18 
Werombi 3 101 · 73 29·4 iS -0· 7 4 krn./sec. 
Riverview 3 112. 83 33·2 eL - 0 ·2 4 
Inveralochy 3 114. 72 33 ·0 eL -0·5 4 
Werombi 2 116·73 34 · 6 iL +0 · 6 4 
Jenolan 5 127·92 37 ·0 iS 0 4 
Werombi 4 136·16 38 · 9 eL -0·3 4 
Jenolan 3 137 ·80 41·7 eL +2 · 1 4 
Jenolan 1 143·72 41·8 eS +0 · 6 4 
Riverview 4 151·21 43·5 iL +0·4 4 
Dalton 4 156 · 93 43·9 eS -0·7 6 
Dalton 4 156·93 45 · 2 iL +0·6 4 
Dalton 3 158·70 45·6 iS +0 ·5, + 0 ·3 4, 5 
Jenolan 2 159·03 44·8 iS -0·6, -0·8 5, 6 
Jenolan 4 165·17 46·8 e 0 4 
Canberra 4 166·23 46·5 e -0·1, -0·1 5, 6 
Canberra 3 182·89 48·5 eS -1 ·0 5 
Canberra 3 182·89 49·9 e -0 ·2 6 
Canberra 3 182·89 51 ·5 i 0 4 
Inveralochy 5 203 ·45 57·8 i(S) +0 ·8 4 
Wambrook 4 208·94 54·5 eL +0·4 5 
Wambrook 4 208·94 56 ·7 i + l·O 6 
Wambrook 4 208·94 58·4 iL 0 4 
Cabramurra 4 231·27 60·6 e(S) +2·6, +O · l 5, 6 
Cabramurra 4 231·27 63·8 iL -0·6 4 
Jindabyne 4 246·05 60·9 i(S) +0 · 4 5 
Jindabyne 4 246·05 65·9 iL -2·3 4 
Inveralochy 2 251 · 92 69·7 i -0·1 4 
Cabramurra 3 255·48 60·5 i -1·7 5 
Cabramurra 3 255 ·48 65·6 i(S) 0 6 
Cabramurra 3 255·48 69·6 iL - 1·1 4 
Dalton 2 271·23 73·5 i - 1·4 4 
Canberra 5 275·90 70·7 i(S) + 0 ·7 6 
Canberra 5 275·90 76·2 eL +O · l 4 
Gee hi 4 276·00 76·9 e(L) +0·7 4 
Jindabyne 3 276·25 65·8 i 0 5 
Jindabyne 3 276·25 76·3 i +O·l 4 
Canberra 1 303·11 83·2 eS -0 · 1 4 
Canberra 2 323·79 88 · 3 eS - 0·5 4 
Wambrook 5 348·90 78·3 iS -0·2 5 
Wambrook 5 348 · 90 97 I iL + 1·6 4 Buchan 4 351 · 77 86·5 i + 0·3 6 
Buchan 4 351·77 96·7 eL - 1·3 3 
Bo gong 4 372·08 103 ·8 eL + 0 · 3 3 
Wambrook 1 378·08 105·6 iL +0 ·4 3 
Cabramurra 1 385·03 109·0 eL +2 ·0 3 
Buchan 3 385·96 92·7 i(Sn) - 0 · 5 6 
Buchan 3 385 · 96 108 · 3 i(Lg) +l · O 3 
Jindabyne 5 386 · 99 109 iL +1 ·4 3 
Bo gong 3 399 · 57 112·5 e + 1· 5 3 
Gee hi 5 411 ·04 115 · 0 e(S) + 0·8 3 
Gee hi I 2 460·95 128·8 e(L) + l ·O 3 I Buchan 1 531·44 148·2 eL +l·l 3 
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standard deviation of a single observation. The ranges specified are standard 
errors. Weights have been allotted to readings, in that an iP has unit weight, 
eP has weight 0 · 8, and a few very emergent phases have weight 0 · 5 only. 
The three observations at the greatest distances, between 180 and 230 km., 
arrived after the expected time of Pn, but no arrivals could be discerned on tile 
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Reduced travel time plot for P arrivals. To allow the ordinate to 
be drawn at an expanded scale, the time for a wave to travel the 
distance shown as abscissa at a velocity of 6·5 km./sec. has been 
subtracted from each observed time. Positive values are late, 
negative values early. 
traces, despite special search, at the Pn time. Least-squares analysis was used 
to fit separate lines to the first 19 and to the last 3 observations but no significant 
difference in parameters was revealed by statistical testing, and all 22 obser-
vations have been used in deriving Equation ( 1). Residuals from the equation 
show a systematic trend, and a better fitting travel-time curve would be concave 
downwards in Figure 2. Such a curve may imply an increase of velocity with 
depth. But part of the scatter in residuals would also be due to horizontal 
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( iii) Transverse Waves in the Mantle: Sn 
Arrivals that could be mantle shear waves were seen on a number ol 
records in the distance range 150 to 400 km., and these are represented in 
Figure 3 by the points with reduced travel times of less than 5 seconds. The 
scatter is too large for a meaningful least-squares line to be fitted through them 
all, but an analysis was attempted for the earliest arrivals, which included an iS 
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Reduced travel time plot for S arrivals. The ordinate has been 
reduced by a velocity of 4·0 km./sec. 
picked on all three components at Wambrook. However, the equation that 
results is T = 17 + ,1/5 ·7 (5) 
which is extremely unlikely, both compared to the supposedly equivalent Pn 
equation, Equation ( 2), and compared to previous work (Cleary & Doyle, 1962, 
p . 600). Analysing the late arrivals in the group, which includes an iSn picked 
on the vertical record at Buchan, yields T = 11 + ,1/4·7 (6) 
This equation, although identical with Cleary & Doyle's ( 1962) equation for 
Sn from the Robertson earthquake, does not support the Pn equation derived 
above (Equation ( 2) ) . To do so, both a smaller intercept time and a lower 
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velocity would be needed. Neither Equation (5) nor Equation (6) is thought 
to represent the travel time of mantle shear waves accurately, and further work 
is needed. 
Other Phases 
A curious alignment is evident in Figure 3 where at about 380 km. arrivals 
with reduced travel times of 10 to 13 sec. may be the counterpart of the cluster 
of P 1 arrivals previously discussed. It is because of this possibility that they have 
been excluded from the data used to derive Equation ( 4). 
A distinctive phase in the coda of a number of the records, especially from 
stations in the Sydney basin, has large amplitude for one or two cycles. The 
period, slightly more than one second, is distinctly larger than the usual waves 
in the coda. The velocity of the maximum of this phase is about l · 7 km./ sec., 
and it may be the same as that described by Bolt ( 1962, p. 299) as arriving at 
Riverview from quarry blasts at Prospect. 
INTERPRETATION 
The coefficients in Equation ( 1) are quite unexpected. More usual equations 
in southeastern Australia for crustal P wave arrivals have small or insignificant 
intercept times and velocities a little greater than 6 km./ sec. (Doyle et al., 1959; 
Cooney, 1962). Beneath the Sydney basin Bolt ( 1962) found a velocity of 
5·88 km./sec. but Cleary (1962) has re-read these data and after applying 
station corrections has deduced a velocity of 6 · 08 km./ sec. Similarly, both -
intercept and velocity for Pn in Equation ( 2) are very low; earlier observations 
gave intercepts of about 8 seconds and velocities of 8 · l km./ sec. (Doyle et al., 
1959; Cleary & Doyle, 1962). 
A formal solution for horizontal layering using the adopted Ps velocity and 
Equations ( 1) and ( 2) can be made. The result is Model A in Table IV, where 
the uppermost layer with velocity 4·9 km./sec. is 6·5 km. thick, and the 
6 · 5 km./ sec. material is 18 · 8 km. thick. If the base of this is taken as the 
Mohorovicic Discontinuity ( M), the thickness of the crust would be 24 ± 1 km. 
and the mantle velocity 7 · 58 ± 0 · 017 km./ sec. 
Four principal objections can be raised to such a simple interpretation. 
First, the low-velocity sediments do not underlie the whole of the area, so that 
some lateral change in the velocity of the upper layer must be allowed. Second 
the sediments are too thick; the Geological Notes for the Tectonic Map of 
Australia ( p. 53) give a thickness of 18,000 ft (about 5 · 5 km. ), and Robertson 
( 1958) observed a possible unconformity at 15,000 ft (about 4 · 6 km.) near the 
centre of the basin. Third, both the 6 · 5 km./ sec. and tl1e 7 · 6 km./ sec. velocities 
are in marked contrast to the values derived from previous studies in the vicinity. 
Finally, the depth to M previously determined under the Snowy Mountains is 
considerably greater than that given by the present model under Sydney, so that 
M must dip to the southwest. In this case, the 7 · 58 km./ sec. velocity is a 
down-dip apparent velocity. 
A combination of the present observations with the 1957 results (Doyle 
et al., 1959) allows the dips of interfaces, and actual velocities of refractors to 
be calculated. The reverse travel time profile of Figure 4 is compiled from all 
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information. For a description of the properties of reverse profiles, examples of their 
use, and the theory of the calculations, see Ewing, Woolard & Vine ( 1939) and 
Mota ( 1954). Strict reciprocity has not been obtained, but overlapping paths in 
opposite directions were observed and useful information can be extracted. The 
travel times to Eaglehawk from each depth-charge shot have been determined 
by least-squares analysis of the P2 arrivals from each shot. These would be the 
same times as observed at each shot point from an Eaglehawk blast, and these 
"reverse points" have been marked on Figure 4 as short cross-bars . 
A line through them passes close to the points plotted to indicate "first" 
arrivals at Warragamba from Eaglehawk; it is probable that the preceding Pn 
was too small to be seen and that the first detectable energy was refracted from 
the intermediate layer. Least-squares analysis indicated that an intermediate 
refraction should precede the arrival from Eaglehawk at Inveralochy by nearly 
one second. But the arrival read was impulsive, more than 4 mm. in amplitude on 
the trace, and within 5 minutes of a radio time signal. Two experienced obser-
vers, re-reading the record, agreed that the phase was read correctly and no 
preceding phase was visible. So the analysis was modified by constraining the 
least-squares line (dashed in Figure 4) to pass through the Inveralochy reading. 
The resulting equation is 
T=2 ·9+ Ll/6·67 (7) 
This would not be a first arrival at any distance, shooting north. Hales & Sacks 
( 1959) have emphasized the danger of intermediate layers being masked in _ 
this manner . 
The information now available for the reversing solution is Equations ( 1) 
and ( 7), and for the mantle Equation ( 2) and its reversal, from Doyle et al. 
( 1959, p. 226): 
T = 8·2 + L'.l/8·3 (8) 
Taking note that the velocity under the depth charge shots is 4·9 km./sec. but 
under the Snowy 1fountains it is 6·04 km./sec., a slight extension of the theory 
presented by Mota ( 1954) yields the solution tabulated as Model B in Table IV a . 
Slightly more detail about the deep structure under the Snowy Mountains 
may be obtained by treating the 1959 work as forming a "split spread''. The 
Equation for readings to the southwest was 
T = 7·8 + Ll/7·96 (9) 
This can be combined with Equation ( 8) to give the values in Part ( B) of 
Table IV, where the shallow structure is assumed from the reversing calculation. 
Trial calculations show that a change of dip at the top of the intermediate 
layer causes about an equal change in the dip of M; that a change in the 
intermediate velocity alters the mantle velocity by about the same amount; but 
that the depth to M is not much altered by any variation in the assumptions . 
This information is assembled into the generalized section shown in Figure 
5. A notable feature of Model B is the presence of an intermediate layer, not 
previously observed in southeastern Australia. This confirms Cleary's ( 1962) 
recognition of a "P2" phase at Snowy Mountains stations from Dalton-Gunning 
earthquakes. The low-velocity sediment of the Sydney Basin rests directly on 
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intermediate velocity material and in this it resembles the "suboceanic""' type of 
structure reported by Kosminskaya ( 1965) for the Black and Caspian Seas, and 
the Sea of Okhotsk. In this model, as in Model A, the bottom of the basin is 
deeper than would be expected from geological and reflection seismic work. A 
"wedge" of the 6·04 km./sec. material can be seen to underlie part of the basin, 
TABLE IV. 
Seismic Models . 
Model 
Parameter A B c D 
Sydney Snowy Sydney Snowy Sydney Snowy 
Mts Mts Mts 
(A) Reversal Method 
Velocity of first layer 4 · 9 4 · 9 6 · 04 4·9 6·04 4 · 9 6·04 
Thickness of first layer 6 · 5 8 · 8 14·2 5·5 5 · 0 
Dip of base of first layer 0 1·1° down SW 0 0 
Velocity of second layer 6·04 6·04 
Thickness of second layer l·l 21 · 2 3 · 0 21 · l 
Depth to base of second layer 6·6 21·2 8·0 21 · 1 
Dip of base of second layer 2 · 2° down SW 2 · 1° down SW 
Velocity of "Intermediate layer" 6·52 6 · 57 6·52 6 · 52 
Thickness of "Intermediate layer" 18·8 15·3 26·2 18 · 0 20·5 16 · 7 20·9 
Dip of ):Jase of "Intermediate layer" 0 2 · 9° down SW 3·8° down SW 3·9° down SW 
Depth to M 24 · 0 24 · 0 40·4 24 · 6 41·8 24·8 43·0 
Velocity below M 7 · 49 7 · 83 7 · 86 7 · 86 
B c D 
Snowy Mts Snowy Mts Snowy Mts 
(B) Split Spread 
Velocity of first layer 6 · 04 6·04 6 · 04 
Thickness of first layer 14 21 · 2 21 · 1 
Dip of base of first layer l·l° down SW 2 · 2° down SW 2·1° down SW 
Velocity of "Intermediate layer" 6 · 57 6·52 6 · 52 
Thickness of "Intermediate layer" 27 18 19 
Dip ofM l ·6° down SW 1 · 2° down SW l · 2° down SW 
Velocity below M 8 · 12 8 · 12 
I 
8 · 12 
Depth to M 41 39·5 40 
Notes: 1. Velocities in km./sec. 
2. Values assumed or carried forward from the first part of the calculation are in 
italics . 
and refraction from the top of this "wedge" is considered to be the most likely 
explanation of the Pl phase discussed above. Such a "wedge" was therefore 
incorporated into Models C and D (Table IV). Their increased complication 
required additional information, as follows. Velocity of the "wedge" material 
" Literal translation. Not necessarily a structure under the ocean, but rather a subclass of 
the oceanic type of structure, distinguished by a thick column of low-velocity material 
resting on intermediate-velocity material. 
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was taken as 6 · 04 km./ sec. for convenience of calculation, but this value is 
confirmed by the study (Cleary, 1962, pp. 31 et seq.) of quarry blasts in the 
Sydney area, and is not inconsistent with the Pl velocity indicated by the present 
results. The basin materials were taken to have 4 · 9 km./ sec. velocity, as before. 
After trial calculations, it was decided to take the dip of the base of the sediments 
as zero, as this variable has very little effect on the final values, but increases the 
labour of computation very much. The depth of the basin beneath the shot 
points and the relevant stations has been taken as 5 · 5 km. in Model C and 
5 · 0 km. in Model D. This covers the range indicated by the intercepts of the 
Pl phase, and both are consistent with the geologically measured depth quoted 
in the Geological Notes for the Tectonic Map of Australia. 
By computation of the refraction at the bottom of the basin, corrections to 
travel time and distance were derived, which converted the observations to 
equivalent data for a basin fill of velocity 6·04 km./sec. Least-squares analyses 
and standard three-layer interpretations were carried out for each model, and 
the upper crust information used in recomputation of the split spread data in the 
Snowy Mountains region. 
Comparison of Models C and D shows that they are very similar in all 
but one respect. Whereas the thickness of the "wedge" is 1 · 1 km. when 5 · 5 km. 
basin depth is assumed, the value for a 5 · 0 km. basin depth is 3 · 0 km., so that 
the thickness is very sensitive to the depth assumption. For zero thickness, a 
depth of about 5 · 8 km. would have to be assumed. If thinner than about 1 km., 
the 6·04 km./sec. material would be a poor refractor, and the spasmodic 
appearance of the Pl arrivals would be a natural consequence. ~ 
DISCUSSION 
In the sections, Figures 5 and 6, the structure has been extrapolated to the 
northeast where the oceanic structure is taken from Officer's ( 1955) surface-
wave studies and the gravity interpretation of Dooley which was presented at 
the ANZAAS Congress in Sydney in 1962. The velocities in brackets are typical 
oceanic values. 
Assuming the velocity-density relationship of Talwani, Sutton & Worzel 
( 1959), and assuming that the mantle density does not vary with depth below 
M, the gravity observations reported by Dooley and by Marshall & Narain 
( 1954) can be combined with gravity values calculated from the seismic sections. 
Expressed in terms of a "balancing level" above which the masses of columns 
are equal, and below which the mantle is laterally homogeneous, the Sydney 
and Snowy Mountains columns balance at 272, 300 and 234 km. below sea-level 
for models B, C and D respectively. The last of these values is close to the 
200 km. mentioned by Clark & Ringwood ( 1964) for a depth of compensation. 
It is worth noting, however, that the columns of all models are light in com-
parison with the standard sections of Thompson & Talwani ( 1964); the Sydney 
column balances the standard column at 35-55 km. depending on the model, 
while the Snowy Mountains column will not balance the standard at any depth. 
The upper mantle velocity may be lower beneatl1 the edge of the continent 
than either inland or under the oceanic crust. This effect has been noted before 
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(Dehlinger, Chiburis & Collver, 1965; Steinhart, 1963) and as Steinhart remarks, 
may be a rather general feature of the edge of continents. 
Although the present work is ill adapted to a study of amplitudes, it may be 
an indication of irregularity of the mantle-crust interface that Pn arrivals are 
weak or absent in two distance ranges. Such effects are discussed by Dix 
( 1952, p. 266), and may indicate that M is less smooth than has been drawn in 
the sections. 
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Fig. 6. Section. Model C of Table IV. 
The effects of cross dips have been omitted from the interpretation, although 
the section line runs obliquely across the "grain" of the country. In an analysis 
of the correlation between azimuth of ray path and travel time, no clear relation-
ship was found. This failure is due partly to the majority of azimuths being 
concentrated in one quadrant, and partly to the effects of Sydney Basin structure 
on the travel times. 
l 
I 
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CONCLUSIONS 
The method of seismic study using offshore explosions and land recording 
is an effective compromise between the "two boat" type of marine seismic 
survey and the "quarry blast" land study. Smaller explosions can be used, the 
shot locations can be chosen, and information is rapidly gathered. But the full 
power of the method is not developed unless recordings are made at some 
shooting points when other shots are being fired. In the present case, inland 
blasts are needed for determining the structure west of the Dividing Range. 
Marine seismic profiles parallel to the New South Wales central coast, both on 
the shelf and at the foot of the continental slope, would serve to determine the 
structure and seaward extent of the Sydney Basin and confirm the transition to 
oceanic crust. Gravity observations at sea off the east coast would be valuable 
to test Standard's ( 1961) hypothesis of a sediment-filled trough in the Tasman 
Sea. Timed marine explosions offshore between Lat. 36 and 37°S would enable 
cross dips to be determined from readings at existing stations. 
The Bass Strait project should extend knowledge of the structure to the 
south and west. 
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